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Metallic additives, also known as anticorrosive pigments, can provide sacrificial 
cathodic protection and complement the barrier protection afforded by heterogeneous 
organic coatings to metallic substrates. The unique systematic study of the corrosion 
resistance of an epoxy coating reinforced with different sizes (80nm, 500nm, 10um) and 
continuous multiple pigment volume concentration (0, 2%, 10%, 20%, 45%) below global 
critical pigment volume concentration of zinc particles were studied. The thesis is 
developing the fundamental understanding to optimize corrosion protection and predicting 
the protection with time. The properties of these cathodic coatings were investigated by a 
single-frequency electrochemical impedance spectroscopy (EIS) and open circuit potential 
xiv 
 
 
 
(OCP) measurements that can be used as to understand cathodic protective state. Finite 
Element Analysis (FEA) has been applied here for modeling and simulating part of actual 
experiments. This thesis will help understanding the sensitivity and efficiency to various 
size and loading of metallic additives for corrosion protection. 
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Chapter 1 Introduction and Background 
1.1  Corrosion 
Corrosion is common phenomenon happening throughout the world, and the 
decaying or destruction of a material caused by the environment in which the material 
resides, especially a metal through chemical reactions 
[1]
. A common form of corrosion is 
rusting, which occurs when iron combines with oxygen and water as the chemical 
reaction as following Eqn-1. Rusting is a very well-known example of electrochemical 
corrosion, which will become oxides or salts of the original metal typically.(Fig.1.1) 
Besides, corrosion also can occur in other kinds of materials, like ceramics and polymers. 
In a word, corrosion degrade the useful function and properties of materials and 
structures 
[2]
.  
 2Fe => 2Fe2+ + 4e− 
 O2 + 4e− + 2H2O => OH
−                                                                         Eqn - 1 
 2Fe + 2H2O + O
2 => 𝐹𝑒(OH)2 
                                            
Fig.1.1 Corrosion of metal structures and components [1] 
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It’s known that many structural metal alloys corrode merely from the exposure to 
moisture in the air, but the process can be affected and accelerated by exposure to certain 
substances. Millions of dollars are lost every year due to the corrosion. Huge part of the 
loss is because of the corrosion of iron and steel which are ubiquitous in infrastructure 
and industry, many other types of metals may corrode as well though. The problem of 
iron as well as many other kinds of materials is that the oxide formed by oxidation does 
not adhere to the substrate surface firmly, and the flakes off easily which causes “pitting” 
as shown Fig.1.2 
[2]
. The study entitled “Corrosion Costs and Preventive Strategies in the 
United States” was conducted from 1999 to 2001 by CC Technologies Laboratories, Inc., 
USA and National Association of Corrosion Engineers. The activities for the study 
contained determining the cost of corrosion control methods and services, determining 
the economic impact of corrosion for specific industry sectors, figuring out individual 
sector costs to a national total corrosion cost, assessing developed methods for protecting 
substrate from corrosion, and developing protection strategies. Based on the statistical 
data of the study, corrosion costs the U.S. on the order of $200 billion (2-4% of GNP 
(Koch2002). Another extensive survey conducted by Battle Columbus Laboratories, 
Columbus, Ohio, USA and National Institute of Standards and Technology(NIST) in 
1975, the cost by corrosion was estimated to be 82 billion dollars, which would exceed 
374 billion US dollar in view of price inflation over the last thirty-seven years. In UK, the 
corrosion loss is estimated to be 4-5% of the GNP 
[8]
. The cost of corrosion is estimated 
to be 5258 trillion Yen per year in Japan. Additionally, the average corrosion cost is 3.5-
 3 
 
4.5% of GNP for most industrialized nations. However, the loss could be reduced by 35% 
of the above amount by taking appropriate corrosion control measures 
[8]
.  
 
 Fig.1.2  Corrosion schematic on a metal surface [2]   
 
Corrosion can cause expensive damage to everything from automobiles, aircraft, 
ships, to federal infrastructure such as pipelines, bridges and public building. Some 
important consequences of corrosion can be summarized as following 
[2]
:  
 Plant shutdowns, which means that shutdown of nuclear plants, process plants, 
other power plants and refineries can cause severe problems to industry and the 
consumer. 
 Loss of products, including leaking containers, storage tanks, water and oil 
transportation pipes lines and fuel tanks that may cause serious loss of product 
and generate severe accident, pollution and hazards. The leakage brings at least 25% 
water lost.[2]  
 Loss of efficiency, because of the corrosion products of heat exchangers turbines 
and pipelines, the heat transfer and piping capacity is reduced.  
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 Contamination, chemicals, dyes, pharmaceuticals, and various packaged goods 
may contaminated by corrosion products, along with unpredicted consequences to 
the consumers. 
 
In addition, even disasters may occur as a result of corrosion failure. Bhopal 
Accident is probably the site of the greatest industrial disaster in history. It occurred on 
the night of December 2-3, 1984 at the Union Carbide India Limited pesticide plant in 
Bhopal, Madhya Pradesh, India 
[3]
. Because of the corrosion of the stainless steel tank 
wall, a leak of methyl isocyanate gas and other chemicals from the plant resulted in the 
exposure of hundreds of thousands of people. The government confirmed a total of 3787 
deaths related to the gas release. It’s been estimated that 3000 died within weeks and 
another 8000 have since died from gas-related diseases. The factory was closed down 
after the accident. Silver Bridge, built in 1928, connected Point Pleasant, West Virginia 
and Gallipolis, Ohio, over the Ohio river. The Silver Bridge collapsed on December 15, 
1967 by corrosion failure, when it was full of rush- hour traffic, which resulting in the 
deaths of 46 people and 2 of the victims were never found 
[4]
.  
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Fig.1.3  The collapsed Silver Bridge, as seen from the Ohio side [4] 
 
As a consequence, corrosion control and protection are important for reducing 
cost, improving infrastructure safety, and increasing lifetime of metal based structures. 
Understanding and predicting the degradation rate and particularly the loss in barrier 
integrity of polymer coatings is vital to optimizing the design and cost, and servicing of 
corrosion protective coatings to balance safety.  
 
1.2  Corrosion Control Methods 
Different corrosion control methods have been developed since last century. The 
corrosion protection methods can be divided into several main aspects, which are barrier 
corrosion protection, cathodic protection, and corrosion resistant materials. The following 
is going to describe these classification of corrosion control methods 
[8]
:  
 Barrier Protection 
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Barrier protection is using a protective coating that can act as a barrier between 
corrosive elements and the metal substrate. Paint, powder coatings are main types 
that have been applied in industrial world.  
 Cathodic Protection 
Cathodic protection is employing protecting one metal by connecting it to another 
metal that is more anodic according to the galvanic series. Three ways which 
including impressed current, galvanic sacrificial anode and galvanic zinc 
application have been developed. For the impressed current, external source of 
direct current power is connected between the structure to be protected and the 
ground bed (anode), and ideal impressed current systems use ground bed material 
that can discharge large amounts of current and yet still have a long life 
expectancy; for galvanic sacrificial anode, pieces of an active metal such as 
magnesium or zinc are placed in contact with the corrosive environment and are 
electrically connected to the structure to be protected; for galvanic zinc 
application, like zinc – rich paints which contain various amounts of metallic zinc 
dust that required to be at percolation limit and are applied by brush or spray to 
properly prepared steel.  
 
1.3  Coating Deposition   
Coating is a specific covering applied on the surface of a substrate, like piece of 
iron or steel which can be from household applications, automobiles, to federal 
infrastructure such as bridges and buildings. The purpose of coating is to improve 
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substrate surface properties, which may be the appearance, wear resistance and corrosion 
resistance. Coating can be applied as liquids, gases or solids. Corrosion resistance 
coatings have attracted attention for many years ago due to their simplicity and 
efficiency. Corrosion resistance coatings can be applied to most materials, surface types, 
and application environments. Coatings can dramatically increase the usable lifetime of 
materials while reducing maintenance and replacement costs, and often desired to form a 
film only in a specific region to be exposed to the corrosive environments. Furthermore, 
there is also coatings’ application inside components and at locations normally 
unreachable by a gas flowing through the components, such as gas flow regulators in 
microelectronic fabrication.  
Metals and alloys are the most popular additives for metallic or ceramic substrates 
used in the design of corrosion resistant coatings, especially. According to its good 
corrosion resistance, electrical conductivity and reliability, a coating of gold was applied 
to the substrate of the microstructure product, such as platinum silicide,  and handler 
substrate.  Ni-based super alloy substrate was coated with a Rhenium (Re) based alloy 
coating as a diffusion barrier layer in order to provide the enhanced corrosion resistance 
for the high temperature components, e.g., a blade for gas turbines or jet engines. 
Additionally, Creech et al. developed a two-layered coating as a diffusion barrier layer, to 
provide the corrosion resistance for Ni-based alloy components, like turbine blades and 
vanes 
[41]
.  
Ceramics are also commonly chosen for corrosion resistant concerns. A typical 
protective coating usually consists of a metal silicate, like yttrium silicate, zirconium 
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silicate, or rare earth silicate, was disclosed for a silicon-containing substrates in a 
corrosive water-containing environment, such as gas turbine engines, internal combustion 
engines and heat exchangers. Y2O3 was applied to the Al2O3 substrate surface as a 
corrosion resistant component in the semiconductor manufacturing equipment that is 
exposed to plasma and subjected to relatively rapid corrosion. Recently, Hattori et al. 
have developed Ca12AL14O33 and Ca3AL2O6  for a base material made of aluminum 
nitride in the manufacture of the semiconductor device and the liquid crystal device. 
Additionally, these materials also consist of about 10 wt% SiO2  to maintain the required 
corrosion resistance 
[41]
.  
In addition, some polymers also can perform as corrosion protective materials due 
to the impervious nature, along with the aesthetics. Usually, polymer coatings are used 
for protection of the underlying substrate. Excellent barrier coatings are designed to 
provide protection to the substrate for tens of years in the field, and some coatings 
showed little change in protective properties even in a harsh environments which would 
accelerate metal corrosion rates. For example, an impermeable polymeric coating was 
developed by Lee et al. to protect the bipolar plate of the PEM (Proton Exchange 
Membrane) fuel cell, like aluminum and its alloys from corrosion 
[41]
. A Xylan/Teflon 
fluorocarbon coating was employed by Thomae for zinc-iron electroplated substrate in 
automobile applications, such as automotive body sheet steel, underbody parts and under-
hood parts. An epoxy coating for the metal strapping material was patented by 
Fredericksen et al. to obtain a dramatic increase in the corrosion resistance characteristics 
compared to commercial available coating 
[41]
.   
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1.4  Galvanization 
Galvanization is the process of applying a protective zinc coating to steel or iron, 
in order to prevent rusting. Usually, the term refers to the coating of steel or iron with 
zinc which is done to prevent rusting of the ferrous item. Zinc plays a role of sacrificial 
anode, thus it cathodically provides protection to exposed steel. This also means that the 
exposed steel or iron can be protected from corrosion by remaining zinc even if the 
coating is scratched or abraded, which is an advantage absent from paint, enamel, powder 
coating and other methods. Galvanizing specifically refers to the application of zinc 
coating by the use of a galvanic cell, is also generally understood to include hot-dip zinc 
coating. Hot-dip galvanization produces a thick, durable and matte gray coating-
electroplated coatings tend to be thin and brightly reflective 
[6]
.  
There are many benefits from galvanizing. The initial cost is very competitive, it’s 
lower than the alternative coatings. Galvanized coatings are distinctly thicker at the 
corners and edges, an important advantage over most organic coatings which tend to thin 
out in these areas. Besides, the alloy layers of the coating are considerably tougher than 
the base metal upon which they are formed, which brings resistance to the mechanical 
damage during transport, friction, and service of the metalwork.  
In spite of its many benefits, galvanized steel is not always best choice. 
Galvanized steel triggers dezincification when mixed with yellow brass, and it will result 
in electrolytic action when combined with nonferrous metals, such as copper. Only 
properly covered, galvanized steel could be used underground, which would be very 
inconvenient for many jobs, and it often hides significant defects under the zinc coating 
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on the steel. For example, galvanized steel pipes may contain lead that corrodes very 
quickly and decrease the piping lifespan. Moreover, galvanized steel may leave rough 
patches inside pipes which resulting in serious failures and stoppages that can be 
expensive to repair 
[7]
. 
 
1.5  Epoxy Zinc-rich Primer Coating 
Epoxy Zinc-rich primer coating is a three component, polyamide epoxy, zinc-rich 
coating. The metallic additives provide sacrificial protection and complement the barrier 
protection afforded by heterogeneous organic coatings to metallic substrates. Zinc-rich 
paints have been successfully used since the 1940s for protecting steel from corrosion. 
The zinc dust is dispersed in an organic binder, such as epoxies 
[22]
. Only these zinc 
particles electrical contacted between themselves can sacrifice zinc to corrosion instead 
of the substrate metal and this is usually accomplished by formulating the coating with 
such a large volume fraction of the zinc particles that they all touch. The pigment volume 
concentration (PVC) of the Zn pigment in the coating should exceed or equal the critical 
PVC (CPVC) at least in order to properly provide cathodic protection to the underlying 
steel substrate, because the Zn particles are all in mutual contact as well as in electrical 
contact with the steel substrate. The value of CPVC range from 40-60% in Zn-rich 
coatings. Electrical connectivity for the Zn particles occurs from the PVC = CPVC (60 – 
70% by volume) to PVC = Volume Percolation Threshold for Zn (~30% by volume for 
spherical particles) 
[22]
. Some sacrificial protection happens over this range even while 
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the Zn is being consumed by sacrificial oxidation. Various shapes of Zn particle may 
have different percolation threshold.  
The mechanism of protection is sacrificial, because the Zn is more reactive than 
Fe in the electrochemical series only when Zn is electrically connected to each other and 
the substrate. Then the mixed Zn oxides formed in the sacrificial oxidation would fill the 
damaged areas, also sometimes passivate the steel surface by their basic nature. The 
organic matrix of the coating should be stable under the basic conditions created by the 
zinc oxide, hydroxide, etc, formed from the oxidation of Zn in the presence of electrolyte. 
Also, it must adhere well to the steel alloys and the stable in a corroding environment and 
be soluble enough to transport to the steel surface but low enough in solubility to not 
wash away. Epoxy zinc-rich primer coating are usually top-coated to function optimally 
and have a long field lifetime. These primers can provide almost as much protection to 
steel as galvanizing when used properly. For use over properly prepared blasted steel in 
fabrication shops, on bridges or highways, in stadiums and sports complexes, on piping, 
in refineries, above the waterline and interior on barges and ships, not recommended for 
immersion service. 
 
1.6  Room Temperature Ionic Liquids (RTILs) 
RTILs will be used as one type of electrolyte in dry cycles in the experiments. It 
can be found that RTILs provides a method of using electrochemical impedance 
spectroscopy (EIS) to analyze coatings without the confounding effects, such as 
plasticization, associated with an aqueous working fluid.
[16]
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RTILs are salts viscous liquids that consist of composed entirely of ions, cations 
and large organic or inorganic anions, remain liquid at room temperature and below (even 
as low as -96
o
C) Ionic liquids can offer a medium the one appears to be a capable of 
dissolving a vast range of inorganic (and a few organic) molecules to high concentrations. 
Besides, dissociation, disproportionation and degradation reactions are limited by the low 
temperature. Stability of otherwise transient species is often extended in the ionic 
environment. Ionic liquids have many properties that may be significant in their 
application as extractive media in liquid/liquid extraction process. Although they remain 
liquid at room temperature, have a relatively big range of 300
o
C which is larger than that 
of water and provides the potential for considerable kinetic control of extractive 
processes.  
They are excellent solvents for inorganic, organic and polymeric materials. The 
acidity and basicity can be controlled by adjusting the composition of ionic liquids. Some 
ionic liquids are known which are neither air or water sensitive or miscible with water, 
thus enabling the concept of liquid/liquid extraction from aqueous media. The 
manufacture of ionic liquids is demanding and expensive. One typical example of such an 
ionic liquid based on methylimidazole is show in Fig.1.4. Hexafluorophosphate shown 
here acts as the anion, and other alternate anions are also available, such as 
tetrafluoroborate. The R group of the cation also has many variable. The variability of 
anion and R group can determine fine-tune the properties of the ionic liquids 
[37]
.  
 13 
 
 
Fig.1.4  Structure of a Methyl Imidazole Room Temperature Ionic Liquid 
 
1.7  Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS), called “AC impedance” 
appeared long ago, can provide all tools for the investigation of impedance in surface 
engineering, electrochemical power generation, corrosion research, catalysis or even in 
basic electrochemical research. EIS studies the system response to the application of a 
periodic small amplitude AC signal. These measurements are carried out at different 
frequencies, thus, the name impedance spectroscopy was later adopted. The important 
information about the interface, the structure and reactions taking place there, are 
contained in the analysis of the system response. There are many general books and 
specific books describing EIS. Also, it has been become very popular in the research and 
applied chemistry.  
The advantages of EIS contains as following: 
 The measurements can be made under real-world conditions 
 Multiple parameters can be determined from a single experiment 
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 Measurement is non-intrusive, does not substantially remove or disturb the system 
from its operating condition 
 A high precision measurement, all the data signal can be averaged over time to 
improve the signal-to-noise ratio 
 Relatively simple electrical measurement that can be automated 
 
However, EIS is a very sensitive technique and it has to be used with great care, 
ideal conditions. In addition, it is not always easy well understood. Existing reviews on 
EIS are very often difficult to understand by non-specialists and, frequently, they do not 
show the complete mathematical developments of equations connecting the impedance 
with the physio-chemical parameters. Actually, it’s more like a complementary technique 
and other methods should also be used to elucidate the interfacial processes.  
 
1.8  COMSOL Multiphysics 
COMOSOL Multiphysics is a finite element analysis (FEA), solver and 
simulation software package that can be used to solve various physics and engineering 
applications, especially for the coupled phenomena or multiphysics. Besides, COMSOL 
Multiphysics provides an extensive interface to MATLAB and its toolboxes for a large 
variety of programming, preprocessing and post processing possibilities. It is an 
excellent, state-of-art software for the solution of many types of partial differential 
equations (PDEs), both stationary and time-dependent, by numerical methods based on 
the finite element method for the spatial discretization.  
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The COMSOL Multiphysics engineering simulation software environment 
facilitates all steps in the modeling process, which includes defining geometry, meshing, 
specifying physics, solving and then visualizing results. Large amount of predefined 
physics interfaces for applications that ranging from fluid flow and heat transfer to 
structural mechanics and electromagnetic analyses enable quick model set-up. Besides, 
material properties, source terms and boundary conditions can all be arbitrary functions 
of the dependent variables. COMSOL Multiphysics has been a very successful FEA 
software, there are many publications relating to various research areas utilizing 
COMSOL Multiphysics. The process of corrosion and EIS testing will be modeled and 
simulated here with the help of COMSOL Multiphysics 4.2a. 
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Chapter 2 Literature Review 
There are many publications studying specific epoxy zinc-rich primer’s 
performance and properties with different methods, the following part will give a brief 
review about what the researchers have done and achieved over the past ten years. Based 
on the review, we can clearly have a general sense and understanding of the developing 
of zinc rich epoxy primer coating, and what need to be done in the future.  
 
2.1  Zinc Particle Content 
In the paper of “Application of EIS and SEM to evaluate the influence of pigment 
shape and content in ZRP formulations on the corrosion prevention of naval steel”, [29] 
the author Vilche pointed that the physicochemical properties as well as corrosion 
behavior of zinc rich paints(ZRP) can be markedly affected by the shape and size of zinc 
dust, the pigment volume concentration (PVC) and the thickness of the dry film. They 
tested the corrosion protection of naval steel in sea water using electrochemical 
impedance spectroscopy combined with open circuit potential measurements and SEM 
micrograph analysis. Various ZRP samples including PVC from 50 to 70 and 
morphology zinc dust of lamellar and spherical were tested during exposure to artificial 
sea water for up to 70 days. From the data analysis of  EIS and corrosion potential 
measurements, it can be demonstrated that ZRP films containing a PVC level higher than 
the corresponding CPVC value deteriorate relatively faster in artificial sea water than 
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those coatings formulated at zinc particle contents close to the CPVC. They conclude that 
lamellar zinc primers showed a low value of the effective PVC and about 50% could be 
the best and consequently close to the estimated CPVC. It seems to be a little bit higher, 
around 60%, for spherical zinc dust. The reason can be explained as that the lamellar zinc 
dust have an increased surface area that is higher value of specific area than the spherical 
dust for a given weight, so does the contact area. Then, the particle shape of lamellar zinc 
may be the responsible of the high efficiency performed in salt spray chamber of 2500 
hours. However, the article doesn’t give us a systematic analysis, and more work are 
needed to be done to prove their assumption.  
A distributed transmission line model is proposed in order to account for the 
distribution of zinc particles within the coating described as isolated, semi-isolated and 
percolate grains in H. Marchebois’ another paper named “Zinc-rich powder coatings 
characterization in artificial sea water EIS analysis of the galvanic action”. [27] His group 
tested two zinc-rich powder coatings with different amount of conductive pigments 
(carbon black) by EIS. They found that there was no percolation for the low conductive 
pigments concentration based on the EIS diagrams gathered for dry coatings. The 
percolation threshold is obtained when the conductive pigment concentration is higher 
(above 5 wt.%), and an equivalent circuit including a transmission line can applied to 
model electrochemical response. Besides, Marchebois stated that even if the conductive 
pigment concentration is sufficient to afford a long cathodic protection duration, zinc-rich 
powder coatings behave differently from solvent-based ZRP, and this can be explained 
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by the size and distribution of zinc pigments within the coating. More systematic and 
continuous test and measurement are needed to prove their speculation.  
As is known, zinc rich primers improve the corrosion creep resistance of organic 
coating systems. This effect can be addressed as cathodic protection of the substrate, the 
zinc particles must be electrochemically active and electrical contact with the substrate 
and each other. The organic epoxy binder may insulate zinc pigments from the substrate. 
The electrochemical properties of zinc epoxy primers have been investigated by Dr. 
Knudsen in his paper “Zinc Rich Epoxies-Electrochemical Properties”. [25] The capacity 
for cathodic protection of the substrate and electrical contact between the zinc particles 
through the film were studied in this paper. Dr. Knudsen found that the capacity for 
cathodic protection is increasing along with increasing the zinc dust concentration in the 
film, small zinc dust particles and narrow particle size distribution probably decrease the 
conductivity of the film. He also pointed that the resistance in the film may be determined 
by the number of particle-particle contact points, and more contact points would appear 
when small particles being used. Besides, his groups stated that increasing the film 
thickness would improve its capacity for cathodic protection as long as contacts between 
zinc particles through the primer. Furthermore, the zinc rich primer wouldn’t have the 
ability to protect the steel cathodically, the steel starts to corrode, which is against the 
barrier effect described in other publications that the corrosion products from zinc 
pigments fill the pores in primer and make it protect the steel by a barrier effect as epoxy 
primer. Most the conclusions above are from the observation of experiments, more proofs 
are needed, such as theoretical argument, enough data analysis support.  
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Zinc-rich powder coatings is one of the most effective coatings used in many 
aggressive media, like sea water, marine and industrial environments.
[26]
 Dr. H. 
Marchebois discussed the influence of conductive pigments in the zinc-rich powder 
coatings corrosion under sea water in his paper “Zinc-rich powder coatings corrosion in 
sea water: influence of conductive pigments”. Here, the effect of addition of conductive 
pigments like carbon blacks on the corrosion behavior of zinc-rich powder paints coated 
steel in artificial sea water was investigated. Open circuit potential measurements were 
used to characterize the cathodic protection ability and duration. Furthermore, the 
corrosion products were identified by Micro-Raman spectroscopy analysis. The group 
indicated that carbon black can be added in order to improve electrical conduction inside 
the coating, this addition also increases the porosity of the paint. Besides, small carbon 
addition (2.1% by weight) is not beneficial maybe because of the galvanic effect between 
zinc and carbon pigments and faster electrolyte penetration. However, a real cathodic 
protection can be established if enough carbon is added (above 5 % by weight).   
 
2.2  Zinc Particle Size 
Andrea Klalendova also studied the zinc particle sizes and shape effects on the 
anticorrosive coating properties in his paper titled “Effects of particle sizes and shapes of 
zinc metal on the properties of anticorrosive coatings” [15] where he discussed the zinc 
particle size and shape effects from the mechanical coating properties, film permeability 
to water vapor and above all the pigment anticorrosion protection efficiency points of 
view. The author tested six groups of samples which including various size of zinc 
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particles ranging from 4.5um to 23.1um with CPVC. They found that the anticorrosion 
properties of coatings can be affected considerably by the size of zinc particles. Better 
results were found by using small zinc particles in the coating and large spherical 
particles provide a lower anticorrosion efficiency. Their group explained the phenomenon 
by filling free spaces between zinc spheres of smaller sizes, the larger of the particle the 
more pores or void. Besides, they stated that the coatings pigmented with lamellar and 
spherical pigments exhibit considerable differences in hardness and gloss, and lamellar 
zinc appears more appropriate for reaching a higher film hardness, the highest hardness 
being obtained with a concentration in the range of 0-30 vol.%. The most important 
conclusion the paper proposed is that the smaller particle sizes mean better anticorrosive 
coating properties based on their experiments results and post-analysis. However, the 
zinc pigment sizes used here are just ranging within micrometers as mentioned above. 
With the development of nanotechnology, nano scale of metallic particles come up and 
have been applied in industrial world successfully. Nano scale zinc particle is becoming 
an option for metallic additive for epoxy coating. Due to the higher surface contact area 
of nano scale zinc particle, the reaction will have more activity and complicated. Thus, 
the smaller particle size, especially nano scale, doesn’t necessarily improve the coating 
properties.  
In order to improve anticorrosion property of zinc-rich coating, the surface 
modification of zinc particle was carried out in the paper of “The improvement of 
anticorrosion properties of zinc-rich organic coating incorporating surface-modified zinc 
particle”.[30] Dr. Hoon Park tested the corrosion behaviors of zinc-rich coating with 
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various zinc contents, ranging from 0 to 60 volume percent, by EIS, free corrosion 
potential measurement and cycle corrosion test. His group proved that both coatings with 
60% volume concentration of zinc pigment and without zinc powder performed good 
corrosion resistance mostly due to the cathodic protection and barrier effect, respectively. 
However, coatings with an intermediate concentration (10 to 20 vol.%) of zinc pigment 
could not provide a good anticorrosion effectiveness. Dr. Park developed the surface 
modification method here. The surface of zinc particle was modified with derivatives of 
phosphoric and phosphonic acid in the aqueous solution, and the effect of the 
modification on corrosion resistance of the coating were investigated with scanning 
vibrating electrode technique and X-ray photoelectron spectroscopy. His group found that 
the best anti-corrosion performance was achieved when the incorporated zinc particles 
was treated with phosphoric acid 2-ethylhexyl ester and calcium ion simultaneously, 
which enable a formation of alkyl-phosphate-calcium complex layer of 190nm in 
thickness on zinc particle. Thus, the corrosion resistance was improved by the decreased 
zinc activity and the increased compatibility between the formed complex layer on zinc 
surface and polymer binder matrix. This paper lead us to a new path to improve the anti-
corrosion effectiveness of epoxy zinc rich coatings.  
In the paper “Conductivity and anticorrosion performance of polyaniline/zinc 
composites: Investigation of zinc particle size and distribution effect” [13], zinc 
nanoparticles with an average particle size of 35nm and 60um were used as fillers in 
polyaniline (PANI) matrix. The solution casting method has been used  to prepare the 
films and coatings of PANI/Zn composites and nanocomposites. Electrical conductivity 
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measurements have been applied to measure the electrical conductivity of both composite 
and nanocomposite systems, which were increased with the increasing of zinc loading. In 
addition, the PANI/Zn nanocomposite films have higher electrical conductivities 
compared to PANI/Zn composite films. And the maximum electrical conductivity was 
related to the PANI/Zn nanocomposite with 4 wt% zinc content. Furthermore, 
anticorrosive properties of PANI/Zn nanocomposite coatings on iron substrates 
thermodynamically and kinetically were increased with increasing of zinc content in 
PANI matrix from the results of corrosion studies. The corrosion studies also indicate that 
the kinetic anticorrosive properties got worse with increasing the zinc content, but all 
corrosion rate values were lower than that of pure PANI coated samples. The results also 
showed that the synergetic effect of zinc nanoparticles is more than that micro size one 
on the corrosion protection properties of PANI coating. Based on this paper that the 
nanoparticle of zinc pigment provides a better anti-corrosion protection effectiveness, it 
may also have the same trend when applied in the epoxy zinc-rich primer. The latter work 
will be appeared in my thesis below.  
 
2.3  Thermal Cycling 
Most above measurements and experiments need a long period testing time that 
can be at least two months, the efficiency of repeating and continuous test would be very 
low. Dr. Brian Hinderliter used a method named thermal cycling that appeared in the 
paper "Thermal Cycling of Epoxy Coatings Using Room Temperature". 
[16]
 The thermal 
cycling has been used as an accelerated testing method for ranking the corrosion 
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protection of coatings. In this paper, nonaqueous room-temperature ionic liquids (RTILs) 
provided unique electrolytes to monitor the coating as water is removed during 
alternating wet/dry exposures and potentially for additional coating-quality information. 
The experiment was conducted at various temperatures to obtain capacitance evolution as 
a function of cycle and temperature, it has been observed that repeated cyclic immersion 
of a coated substrate between NaCl and an RTILs caused some changes that can be 
interpreted as the entry of RTIL ions into the pores of a coating. Single-frequency EIS 
has been used to estimate kinetic properties of coating, which gives barrier properties and 
activation energies that compliment traditional EIS frequency response analysis. Besides, 
the use of ionic liquids allows thermal cycling to be done on the same sample and the 
same location on that sample, thus allowing direct comparison of EIS response with 
different electrolytes at this location. Based on the experiments, his group found that 
thermal cycling of an exemplar epoxy has shown that RTILs have a different activation 
energy above room temperature for water egress than the properties for water ingress 
with a 0.05M NaCl solution. The properties, such as diffusion coefficient and water-
volume fraction, could return to initial values after the specimens was allowed to return 
to room temperature. Besides, the diffusion and water-volume fraction properties were 
found to be consistent with Arrhenius behavior up to the glass-transition temperature. 
The method thermal cycling with wet/dry cycle that suggested to accelerate degradation 
provides a tool to rank the coating system in a short time. 
 
2.4  FEA Modeling 
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Finite element analysis(FEA) has been playing a vital role since last century. 
However, the numerical simulation are rarely that applied in the area of anti-corrosion 
coating test. The paper titled “Electrochemical impedance spectroscopy responses of 
water uptake in organic coatings by finite element methods” [34] successfully applied the 
FEA method to simulate the coating. Both the capacitance and resistance of a polymer 
coating depend on both the amount of water (volume fraction) and the shape of the water 
inclusions. EIS can only provide a general idea of how much water has been absorbed by 
a coating but does not give the distribution or shape of the water inclusions. As is known, 
the EIS circuit response is usually modeled with equivalent circuit elements describing 
the material properties for water inclusions that are implicitly assumed to be randomly 
distributed spherical inclusions. Numerical calculations with the FEA has been used here 
to solve Maxwell’s equations for various shapes and sizes of water inclusions within the 
polymer, calculations here are based on the electrical properties of a polyvinyl fluoride 
film as an exemplar, with water inclusions of different shapes and concentrations (water 
volume fraction). The results showed it’s likely that absorb water as high aspect ratio 
inclusions will lose their corrosion protection faster than film that hold the same amount 
of water in spherical inclusions, low aspect ratio inclusions are less likely to permit water 
to percolate to the substrate. However, this analysis is based on a homogenized system, 
where the water is distributed throughout the coating instantaneously. Additional work 
based on a time dependent distribution of the water, where water advances into the 
coating. Applying the FEA with numerical calculation to a large variety of coating 
system, such as zinc epoxy primer with different zinc particle sizes should be considered 
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to simulate the EIS response in order to helping researchers understanding the anti-
corrosion properties of coating.   
After above review, it is obvious that the research for a large range of zinc 
particles size and pigment volume fractions are missing. Therefore, it’s necessary to  give 
a systematic and continuous research about the efficiency of the unique systematic study 
of the corrosion resistance of an epoxy coating reinforced with different sizes, from 
micrometer down to nano scale, and continuous multiple pigment volume concentration 
below global critical pigment volume concentration of zinc particles. The thesis is trying 
to develop the fundamental understanding to optimize corrosion protection and predicting 
the protection with time. 
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Chapter 3  Experimental Methodology 
3.1  Methodology 
Metallic additives can provide both sacrificial protection and potentially improve 
the barrier protection afforded by organic coatings to metallic substrates. The 
effectiveness of the coating, as barrier and medium for sacrificial protection, is impacted 
by the transport of materials, especially for water and external ions in and out of coating. 
Recently, the methodology was introduced whereby room temperature ionic liquids 
(RTILs) in conjunction with capacitance monitoring via electrochemical impedance 
spectroscopy (EIS) can be used to determine the diffusion coefficient of water out of a 
non-pigmented, polymer coating.
[16]
 This methodology is applied into Zn-rich epoxy 
which is often used as a primer for vehicles and metal infrastructure.  
It is necessary to rank the coating reliably in a short time in order to compare the 
new coating systems performance. Due to the long service time, thermal cycling that 
presented in B. R. Hinderliter’s publication  “Thermal cycling of epoxy coatings using 
room temperature ionic liquids” represents one method suggested to accelerate the 
degradation of coating. In order to accelerate the natural failure of coatings under the 
condition that the dominant degradation pathways behave in an Arrhenius fashion with 
similar activation energies for each of the degradation mechanisms, elevated temperature 
exposure to aggressive aqueous solutions can be used. The influence of the thermal 
cycling on the degradation of a coating would be investigated using a hydrophilic RTILs 
 27 
 
as the electrolyte for the drying cycling, distilled water as the electrolyte for the wet 
cycling in the experiments. These transport and reaction parameters can be used to 
predict. 
The RTILs used in the experiments would act as a non-aqueous medium for 
electrochemical measurements due to the high conductivity which is over 0.01 S-cm
-1
 at 
room temperature. The entry of the RTILs ions into bulk polymer interstitial sites of a 
coating is restricted by the large ionic sizes and charge of the constituent ions. In some 
publications and references, it has been observed that repeated cyclic immersion of a 
coated substrate between RTILs and distilled water could affect the coating properties, 
which can be explained as the entry of RTILs ions into the pores of a coating, besides, it 
can be speculated that the size of the flaws or delineate pores should be large enough for 
the RTILs ions to enter. In addition, cyclic experiments can also determine whether or not 
there are changes in these parameters along with the cycle number. The oxide of zinc 
pigment will change the volume fraction of water with time.   
In this study, multiple single frequency EIS measurements over a period of time at 
various temperature are conducted on the zinc pigmented epoxy coated steel 304 
substrates subjected to cyclic immersion between distilled water solution and RTILs. The 
capacitance evolution data can be obtained from the single frequency EIS experiments, 
used to determine the parameters of saturated-volume fraction and diffusion coefficient 
associated with water absorption and transport  by the coating. 
Important parameters will be collected after experiments, which includes Open 
circuit potential (OCP), impedance, capacitance that are all significant indicators of 
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corrosion protection of coating system. The open circuit potential (OCP) is the potential 
of the working electrode relative to the reference electrode when no potential or current is 
being applied to the cell. We could use OCP to determine the corrosion rate of the metal 
based on the electrochemical techniques.
[16] 
The EIS experiments was using AC small 
signal current measure the conversion of coating system impedance. Based on the 
collected impedance over cycling, it is possible to convert the impedance to resistance 
and capacitance for the coating system. They are all critical coating system information 
indicator that can be used in discussion and prediction.  
 
3.2  Steel Panels Preparation  
The steel panel 304 (3’’×6’’×0.02’’) are supplied by Q-Panel Lab Products of 
Cleveland OH. The surface of steel panel was treated when manufacturing, there is oil or 
wax on the surface, in order to keep separating the surface from air, vapor and other 
environments that can cause corrosion. In our experiments, it is necessary to remove all 
surface containments of steel panels in order to control the experimental variables. 
Indeed, there are many methods that have been used in some publications, like sanding, 
cleaning with ethanol, acetone, etc.. In this experiment, the procedure is: 
1. Choose one side of the panel as the experiment steel surface to be coated, which 
should be clean, flat and free of corrosion.   
2. Take a piece of sand paper(600-b), sand it about 5 minutes. 
3. Apply ethanol to the paper towel, wipe the selected steel surface hard and 
carefully, clean it as much as possible, and repeat. 
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4. Put enough acetone to a new paper towel, do the same procedure as ethanol, try 
to be quick because of the acetone’s high vaporization.  
5. The panels are prepared, put them aside waiting for coating as Fig.3.1.  
 
 
Fig.3.1 Prepared Panel 
 
3.3  Zinc-rich Epoxy Coating Making 
The epoxy used in the experiments is EPON Resin 828, which is from Momentive 
Specialty Chemicals Inc.. EPIKURE Curing Agent 3140 is one type of crosslinking 
amine used with EPON 828. The ratio between them is one part by weight of EPON 828 
to one part by weight of EPIKURE 3140 as the recommendation from consultant from 
Momentive Specialty Chemicals Inc.. Various diameter of zinc powder are 80nm which 
are provided by Jiangsu Branch Into A New Non-ferrous Materials Co., Ltd.. 500nm and 
10um are form Momentive Specialty Chemicals Inc.. Different zinc volume fraction of 
zinc-rich epoxy coating, 2%, 10% and 45%, are mixed as follows： 
1. Wear gloves for all the operation during experiments.  
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2. Choose one zinc volume fraction of coating first. 
3. Five gram of EPON828 and the same weight for EPIKURE 3140 will be used, 
calculate the weight of zinc powder needed for this specific zinc volume 
fraction according to the weight of the epoxy by the equation solution in 
MATLAB program. (appendix A)  
4. Turn on the lab scale manufactured by “Mettler Toledo”, put the plastic 
container on it then press the zero button to clear the digit weight to zero.  
5. Use the wood mixing spoon to take EPON 828 into the plastic container little by 
little until 5 gram appeared on the scale, and then turn the weight to zero again. 
6. Take part of zinc powder to the container like EPON 828 until the calculated 
weight from the step 2.  
7. Move the plastic container to the center table, put several small glass balls in it 
in order to try to mix zinc powder and EPON 828 as uniform as possible with 
the stirring of wood mixing spoon around 10 minutes.  
8. Then move the plastic container to the lab scale again, zero the scale and repeat 
the procedure 4 with EPIKURE3140 instead of EPON 828, stop adding it at 5 
gram.  
9. Move the container to center table and stir them again around 10 minutes.  
10. Turn on the vibration Device “VORTEX-T Genie2”, leave container half an 
hour on the vibration machine. 
11. Turn off the device, leave it around half an hour for sweating.   
12.  At last, the zinc-rich epoxy coating material is ready for application. 
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All the zinc rich epoxy samples used in the following test are made by the above 
procedures, only for high zinc volume fraction 45% samples, which is needed to add 
some acetone acting as solvent when mixing epoxy and zinc in the container in order to 
complete the mixing process, get uniform coating liquids. Acetone is a very good solvent 
for most polymers and synthetic fibers, it’s also ideal used as a volatile component of 
some paints and varnishes. It has been used in many publications 
[18] 
as solvent.  
However, some problems occurred when trying to make zinc rich epoxy with zinc 
size of 80nm. It seemed not possible to make 45% volume fraction zinc epoxy due to 
extreme low solubility, even add much acetone, and this was not what we expect. After 
discussion with my advisor, we decided to make a little change to the samples. Just 
switch the planned 45% volume fraction of 80nm zinc particle to 20% volume fraction, 
keep other desired samples same as planned.  
 
3.4  Coating Deposition 
Apply prepared zinc-rich epoxy materials on the pre-cleaned steel panel is a very 
important procedure named coating here. The details of the steps are as follows: 
1. Turn on the oven and set temperature at 50 °C before the procedure of coating.  
2. Wear gloves, put the prepared steel panel on the center table, fix the panel on 
the table with claps, and be ready to apply the zinc-rich epoxy coating on the 
center area of pre-treated surface.  
 32 
 
3. Adjust the universal blade applicator to the value of 5 mil at both sides, which 
can produce a 150um thickness wet film, which produced dry film thickness 
100um could be got after drying based on experience. (Fig.3.2)   
 
 
Fig.3.2 Universal Blade Applicator 
 
 
4. Stack enough coating material on one edge of the panel surface, move the 
adjusted universal blade applicator with hands from one edge to the other at 
constant slow speed in order to generate uniform flat coating film on the 
surface. See as Fig.3.3. 
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Fig.3.3 Diagram of Appling Coating 
 
5. Repeat moving the applicator again and make sure the film is well applied.   
6. Take the coated panel into oven carefully, set up 2 hours for auto stop and dry it 
under constant temperature 50 °C.  
7. Turn off oven, leave the coated panels for two days for thoroughly curing and 
mark them. The zinc-rich epoxy coating specimens are ready for testing. 
(Fig.3.4) 
 
 
Fig.3.4 Coating Specimens 
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3.5  Scanning and Thickness Measurement 
Before the measurement of thickness for the coated steel panels, some steps need 
to be done as follows:   
1. Try to select a small round area which is flat, smooth, and fewer bump on the 
coating film surface with the rubber O-ring that would be used for sealing the 
connection between the coating film and cylinder in EIS testing. (Fig.3.5) 
 
 
Fig.3.5 Coating Test Area 
 
2. Put the O-ring on the selected surface of the coating film, press it with fingers 
and draw a circle along the periphery of the ring with a color pen. 
3. The test area is marked and very clear. Only the circled areas will be used in the 
EIS testing experiments, leave other parts for contrast after experiments.  
4. Put the marked panel in the plastic frame which is designed for the panel 
scanning, and set it on the scanning machine “HP Scanjet G4050” . 
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5. Open the software “HP Solution Center” which is compatible with the scanner, 
choose “Scan Picture” in the “Start an activity” section; click the “Change 
Settings” in the popped window, choose file type as “Tiff Image (*.tif)”; then, 
enter the “Advanced Picture Settings” and choose 600 in the “Output 
Resolution (ppi)”.  
6. Start to scan the panels one by one, and save all the files in a folder.         
 
For the thickness measurement of the coating film, two methods would be used in 
this experiment in order to get a relatively accurate thickness of the test area for the 
coating film. One way is to use the “Micrometer Calipers”, the other way is scanning by 
“stylus profiler”. The following tables list all the values measured by “Micrometer 
Calipers”. Three times of measurement would be done for each sample, then get the 
average thickness of coated panels. The net thickness of the coating layer equals to 
average value subtract uncoated panel thickness which is 0.907mm. 
 
 
 
Table 3.1  Four clear coat panel thickness(unit/mm) 
 
Clear Coating A B C D 
1
st
  Measurement 1.023 1.039 1.038 1.035 
2
nd
 Measurement 1.041 1.037 1.041 1.034 
3
rd
  Measurement 1.034 1.036 1.038 1.035 
Average 1.032 1.037 1.039 1.035 
Coating Thickness 0.125 0.13 0.132 0.128 
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Table 3.2  500nm Zinc coat panel thickness(unit/mm) 
 
Zinc of 500nm A (2% VF) B (2% VF) A (10% VF) B (10% VF) A (45% VF) 
1
st
  Measurement 1.017 1.005 0.994 1.020 1.045 
2
nd
 Measurement 1.014 1.001 1.000 1.012 1.047 
3
rd
  Measurement 1.010 1.008 0.997 1.015 1.048 
Average 1.014 1.005 0.997 1.016 1.047 
Coating Thickness 0.107 0.098 0.09 0.109  0.14 
 
 
 
Table 3.3  80nm Zinc coat panel thickness(unit/mm) 
 
Zinc of 80nm A (2% VF) C (2% VF) A (10% VF) C (20% VF) 
1
st
  Measurement 1.039 1.000 1.025 1.076 
2
nd
 Measurement 1.037 0.990 1.023 1.074 
3
rd
  Measurement 1.040 1.005 1.024 1.078 
Average 1.039 1.000 1.024 1.076 
Coating Thickness 0.132 0.093 0.117 0.169 
 
 
Table 3.4  10um Zinc coat panel thickness(unit/mm) 
 
Zinc of 10um A (2% VF) B (2% VF) A (10% VF) B (10% VF) C (45% VF) 
1
st
 Measurement 0.973 0.997 1.023 0.998 1.035 
2
nd
 Measurement 0.960 1.001 1.021 0.989 1.030 
3
rd
 Measurement 0.968 0.999 1.028 0.992 1.040 
Average 0.967 0.999 1.024 0.993 1.035 
Coating Thickness 0.06 0.092 0.117 0.086 0.128 
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3.6  Thermal Cycling Experiments with Dry/Wet Cycle 
After preparation of the specimens, divide the ten specimens into two groups:  
1. Group A that contains a clear coating panel, a 2% volume fraction(VF) of 500nm zinc 
particle coated panel, a panel coated with 10% VF of 500nm zinc particle and a 45% 
VF 500nm zinc particle coated panel, the last one is 10 um diameter zinc particle 
coating a 2% VF panel.  
2. Group B consists of the left five types steel panels, which are 10% VF, 45% VF of 
10um zinc particles coated panels and 2%, 10%, 20% VF 80nm zinc particles coated 
panels.  
 
In this experiment, five temperatures will be chosen as the thermal cycling test, 
room temperature (RT), 35°C, 45°C, 55°C and 65°C.(Fig.3.6) The entire thermal cycling 
test with Dry/Wet cycle using EIS will be conducted in the oven, which will provide 
various thermal cycling test temperatures environment except the RT that could be 
obtained under the trip of oven. Hydrophilic room-temperature ionic liquids (RTILs) will 
provide the electrolyte for the dry cycle, distilled water for the wet cycle. 
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Fig.3.6  Thermal Cycling 
Because of the setup of experiments equipments and design, only one group 
containing five samples will be running at one time period. Two group experiments will 
be conducted separately; the procedure for each group is the same. The details of Group 
A will be given in the following as an example. 
 
Fig.3.7 Glass cylinder with an O-ring  
Using a glass cylinder with an O-ring insert mentioned above as the seal between 
the coated panel and the glass cylinder, the cylinder was clamped to the coated panel and 
sectioning a test area of 10.18 cm
2
 of the coated panel.(Fig.3.7) All the EIS data would be 
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gathered through O-ring area. Group A has five specimens, each of which connects with 
EIS separately in order to build individual circuit. Besides, five channels of EIS will be 
activated here.(Table-5) Every specimen substrate connects with “Working Electrode”, a 
Pt mesh connects as “Counter electrode” and “Reference electrode” in order. The 
“Reference electrode”, which is Cole-Parmer® pH reference half-cell, Ag/AgCl fill, glass 
body, reference pin connection and whose model is EW-05990-60 from Cole-Parmer, is 
only used in the wet cycle, one side sitting on the Pt mesh and the other site connecting 
with white clamp. After finishing connecting all specimens of Group A, start the 
compatible software “Gamry Instruments Framework” and run the “electrochemical 
impedance” with “multiplexed potentiostatics EIS repeating”.(Fig.3.8) The parameters 
setup is as Table 6.  
 
 
Table 3.5 Group A 
 
Channel_1 Channel_2 Channel_4 Channel_5 Channel_7 
Clear Coat 2%VF_500nm 2%VF_10um 45%VF_500nm 10%VF_500nm 
 
 
 
 
 
Table 3.5 Group B 
 
Channel_1 Channel_2 Channel_4 Channel_5 Channel_7 
10%VF_10um 45%VF_10um 2%VF_80um 10%VF_80nm 20%VF_80nm 
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Table 3.6 Parameters setup for EIS  
 
 
Initial Freq. (Hz) 10
5 
Final Freq. (Hz) 10
1 
Points/decade 1 
AC Voltage (mV rms) 10 
DC Voltage (V) 0 
Time Spectrum 0 
Total Spectra 4000 
Optimize for Normal 
 
 
                     
                    
 Fig.3.8 Diagrams of Experiments Setup  
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Start thermal cycling testing using EIS from RT to 65°C with Dry/Wet cycle. One 
complete Dry/Wet cycle takes 24 hours, 16 hours will be spent on Dry cycle and Wet 
cycle takes 8 hours test: 
1. Wear gloves for all the following procedures, put distilled water bottle, RTILs bottle, 
and lab pipette in the bottom of the oven in order to decrease variable, such as 
temperature here. 
2. Use paper towel wipe the test area in cylinder before the experiments; fill same 
volume of RTILs 4ml into five cylinders with lab pipette; start the dry cycle test at 
4:30pm under RT till 8:30am of the following day; remove the RTILs from the 
cylinders as much as possible, filled distilled water with same volume as RTILs in 
order to run Wet cycle which will lasts 8 hours, set the head of the reference electrode 
sitting on the metal surface of the counter electrode inside the cylinder and clamp the 
other side of reference electrode with white clamp at the same time. Start wet cycle 
test.   
3. Remove reference electrodes out of cylinders, disconnect the white clamp, put them 
back as what they were out of oven; take out all distilled water with lab pipette after 
Wet cycle quickly, and pat the testing area and cylinder with paper towel in order to 
remove the residual moisture on the coating surface, the following procedures should 
have the same treatment steps as the above before switching Dry/Wet cycle test. 
Filled with 4 ml volume of RTILs into four cylinders again at 4:30pm, leave it 16 hrs 
for Dry cycle measurement.  
 42 
 
4. Elevate the oven temperature to 35°C immediately after the above dry cycle, keep 
RTILs inside one hour and then switch it to Wet cycle using distilled water as 
electrolyte at 9:30am and run it 7 hours; substitute the electrolyte with RTILs after 
wet cycle, continue Dry cycle test till 8:30am of the following day.  
5. Trip the oven, open the door for 10 minutes in order to cool down the temperature 
quickly and obtain RT environments, continue the Dry cycle test one more hour; 
substitute the Dry cycle with Wet cycle again around 9:30am, maintain 7 hours for 
Wet cycle test; after that, switch it to dry cycle and test it 16 hours; 
6. Elevate the oven temperature to 45°C quickly at 8:30am, keep dry cycle testing to 
9:30am, and then switch it to Wet cycle; replace the distilled water with RTILs and 
start Dry cycle test around 4:30pm that day;  
7. Shut down the oven at 8:30 in the following day, open the oven door, leave it about 
10 minutes and close it; continue dry cycle test one more hour, then switch it to Wet 
cycle and remain 7 hours; switch it to Dry cycle again at 4:30pm, run a Dry cycle test.  
8. Increase the oven temperature to 55°C at 8:30am in the following day, extend one 
hour for the Dry cycle; replace the RTILs with distilled water at 9:30am, conduct the 
Wet cycle test 7 hours; switch it to Dry cycle at 4:30pm, and run it 16 hours. 
9. Turn off the oven at 8:30am and keep the door open 10 minutes in the following day 
again, continue one hour test for Dry cycle; change the electrolyte to distilled water in 
order to conduct the Wet cycle from 9:30am to 4:30pm; after that, switch to Dry cycle 
again, keep running 16 hours. 
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10. Elevate the temperature to 65°C around 8:30am, keep the Dry cycle test one more 
hour; substitute RTILs with distilled water around 9:30am, continue Wet cycle test 7 
hours; then, switch it to Dry cycle again, and run it 16 hours. 
11. Trip the oven at 8:30am,open the oven door and maintain 10 minutes in the following 
day, keep one more hour test for Dry cycle; change it to Wet cycle test at 9:30am, 
switch it to Dry cycle again after 7 hours, and keep the Dry cycle test 16 hours. 
Finally, group A thermal cycling test using EIS with Dry/Wet cycle is done. 
Collect all the data files for analysis. 
Group B has the identical procedures as Group A.  
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Chapter 4 Experiment Results Analysis and Discussion 
4.1  Data Processing Method  
The resultant data GAMRY files from each test, which including dry and wet 
cycle measurements, were stored into independent folders along with the testing in 
temperature order. C++ program, MATLAB and Microsoft Excel were applied to process 
these data files. Approximately seven hundred and two hundred data files for dry and wet 
cycle respectively were gathered and saved into different folders. One complete EIS 
experiment contains nineteen folders with nearly ten thousand data files. Several parts of 
the information need to be collected and used for subsequent analysis in each data file. 
The following procedures include information needed in each file, then repeat the same 
procedure through all data files. The number of data file is too huge to process by hand, 
so it is reasonable and wise choice to take advantage of programming which could 
automatically collect information needed in each file and sort them into new files in 
order. 
C++ Programming has been chosen as the process tool here. Two parts value 
from original data file would be selected by the programming. The first part contains "file 
name", "date", "time", and "OCP" value. The other includes "file name", "date and time", 
values for the real and imaginary parts of impedance, and the phases ranging from 
frequency 10 to 10
5
Hz. The C++ code was created in order to extract all these useful 
information from original data files, sort and save them into seven new ".txt" files for 
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each cycle in every folder. Besides, some original data were missed due to data 
acquisition error which may include connects between panel and electrode occasionally, 
and marks should be made for these files. The concept and function of this C++ code 
consists of three steps:  at first, create a new folder named “Results” and seven new blank 
text files whose name are "10", "100", "1000", "10000", "100000", "Voltage", and 
"BadFile" in the new folder, save and open them as new resultant files in the “Result” 
folder; second, track the first folder, write the name of first target original data file into all 
these seven new created files, open this original file, scan all information inside, pick up 
and record those data needed, then write the real and imaginary values from 10 to 10
5
Hz 
into files named "10", "100", "1000", "10000", "100000" respectively, and the OCP value 
need to be written into "Voltage" file, write the file name and path whose value are 
missing into "BadFile" file; close the original file. Third, repeat the second step to 
process other files in order. A loop code would realize the repeating procedure through 
all original files in different folders, and all details can be found in the C++ programming 
file which has been attached in the appendix.  
For the next step, Microsoft Excel would be used as the secondary data process. 
Open all new generated text files in order with Excel in “Results” file, and sort 
information in different columns in Excel worksheet. For the imaginary value of 
impedance, it can be converted into capacitance by equations discussed in the following 
section, then the relative dielectric constant of the coating system.  
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4.2  Resistance and Capacitance Calculation 
 
 
Fig.4.1 Experiment specimens' electrochemical model 
 
 
The intact coating film here is performing more like a capacitor, resistance and 
combination of both of them during the protecting process along with time. Fig.4.1 shows 
the model of the specimen equivalent circuit in our experiment. Based on the past 
research work mentioned in the review, a parallel circuit has been applied here. It is 
assumed that the coating system consists of resistance and capacitance as a parallel 
circuit. EIS was used to characterize electrochemical systems as it measures the 
impedance of the concerned electrochemical system over a range of frequencies, and it 
also studies the system response to the application of a periodic small amplitude AC 
signal: 
V = IZ, where V is AC voltage, Z is impedance and I is the current. 
Z w =
1
1
R + jwC
=
R
1 + jwRC
=
R
1 + w2R2C2
−
jwR2C
1 + w2R2C2
 
where R is resistance, w is frequency, C is capacitance. 
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The real and imaginary parts of the impedance are:  
Zreal =
R
1 + w2R2C2
      and        Zimg = −
wR2C
1 + w2R2C2
  
There are two limits of the impedance for this condition: the first is Z = R when 
the frequency is very small; the other is Z = 1/wC when the w is large enough.  
In our coating system, we took the real part of impedance value to calculate the 
resistance, which would be converted to resistivity finally according to equation below,  
R = Zreal = ρ
l
A
 , ρ = Zreal
A
l
   
where A is the circle area of the electrochemical cell, l is the thickness of coating system, 
and ρ is resistivity.  
Apply measured values for the area, thickness and Zreal , put them in the above 
equations and get resistivity, then save these values in another column in Excel 
worksheet. 
For the imaginary part, it would be used to get the capacitance for this system, 
then convert capacitance to relative dielectric as below, 
Zimg =
1
wC
=
1
2πfC
 , C =
1
2πf Zimg
   
where f is frequency. There were five frequencies including 10, 100, 1000, 10000, 
100000Hz. Apply frequency values with the corresponding  Zimg  values to the above 
equation in order to get the capacitance values.   
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In this case, we simplified the model as a parallel-plate capacitor constructed of 
two parallel plates both of area A separated by a distance d is approximately equal to the 
following: 
C =
ε0εRA
d
 , εR =
Cd
ε0A
   
where C is the capacitance, A is the circled area by rubber ring, εR  is the relative static 
permittivity (also called the dielectric constant) of the materials between the plates (for a 
vacuum ε = 1 ); 𝜀0  is the electric constant ( 𝜀0 = 8.85 × 10
−12𝐹𝑚−1 ); and d is the 
separation between the plates, it was the thickness of the coating film here. Convert 
capacitance to relative dielectric constant based on the above equations, and sort these 
relative dielectric values into another column in order in Excel sheet then combine five 
types frequency’s Excel files into one Excel file in various worksheets. After sorting, 
named the new Excel file “Combined_data”, and all useful  information were stored in 
“Combined_data” Excel file.  
Image is an intuitive expression way used to convey to us important and complex 
information, and it has been always favored by people, especially to describe and explain 
academic problems and conclusions. In the following steps, the permittivity and 
resistivity post processed from measured data by multi-frequency, were plotted as a 
function of time with MATLAB. MATLAB code was created here to simplify these 
repeating process, the details for this code have been attached in the appendix. The 
following shows the images developed by MATLAB, and detailed discussion would be 
given as well.  
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4.3 Figures and Discussion 
Permittivity or resistivity were compared and discussed in multiple combinations 
which include three cases: case A is various sizes of zinc with same pigment volume 
fractions at different frequencies; case B is same size of zinc with various frequencies at 
different volume fractions; case C is same size of zinc with various volume fractions at 
different frequencies. The discussion is based on the figures generated by MATLAB. 
 
4.3.1 Permittivity 
Case A. Various size of zinc with same pigment volume fractions at different 
frequency 
1. 2% VF with different sizes of zinc at same frequency range from 10 to 105 Hz. 
 
Fig.4.2  2%VF with different size for relative dielectric 
constant at freq.=10Hz 
 
 
Fig.4.3  2%VF with different size for relative dielectric 
constant at freq.=102Hz 
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Fig.4.4  2%VF with different size for relative dielectric 
constant at freq.=103Hz 
 
Fig.4.5  2%VF with different size for relative dielectric 
constant at freq.=104Hz 
 
 
 
 
 
Fig.4.6  2%VF with different size for relative dielectric 
constant at freq.=105Hz 
 
 
The first five plots are representing coating film relative dielectric 
constants conversion over 10 to 10
5
 Hz frequency at zinc pigment volume 
concentration equals to 2% with different particle sizes. In this group, the curves 
of three zinc particle size coatings have similar trends in five type frequencies 
during the thermal cycling Dry/Wet measurements. It also can be observed easily 
that 80zinc2 specimen has the highest relative dielectric constant in all situations. 
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Then, followed by 10zinc2 coating sample which has a higher dielectric constant 
then 500zinc2 coating from frequency 10 to 10
5
 Hz.  
It had been indicated that capacitance could be applied here to calculate 
the relative dielectric constant as  ε =
Cd
ε0A
 in the previous. The values of electric 
constant 𝜀0 and circled area A are constant, thus the value of relative dielectric 
constant ε is only differed by the capacitance multiply the thickness of coating 
films here. The thickness d was measured before and listed in last chapter, there 
was not much difference among the coatings. Thus, dielectric of the metal would 
dominate the value of relative dielectric constant. 
In the procedure of sample making for 80nm zinc particle, we found it was 
impossible to get 45% VF specimen due to the low solubility of pigment particle. 
In addition, it was too hard to mix 80nm zinc particle with epoxy in order to make 
liquid for applying. Furthermore, the shape and density of 80nm zinc particle 
visually observed were not normal, unit particle was larger and thicker than 
500nm and 10um zinc samples. Thus, we suspected the purity of 80nm zinc 
sample, the reason is likely from the manufacture. The activity of zinc particle is 
directly related to its size, especially down to nanoscale, 80nm zinc was very 
activity and easily got oxidized. Therefore, it was believed that 80nm zinc sample 
was mixture of with zinc and zinc oxide. For this reason, we should discuss other 
sizes first.   
The permittivity of 500nm and 10um zinc particles coating specimens 
have close values around 4 at the beginning first dry cycle. Followed by the first 
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wet cycle, the permittivity of 10zinc2 was climbing quickly while 500zinc2 still 
keeping relative stable and raising very slightly along with time. Then, entered 
into dry cycle, two curves were gradually decreasing back to original level 
approximately. This phenomenon can be explained as no ions into the pores of 
coatings in dry cycle, whereas water went into pores and caused something to 
change during wet cycle. The specimen 10zinc2 contained larger size zinc particle 
than 500zinc2, which resulted in less zinc particles in 10zinc2 than 500zinc2 at 
same volume fraction. More zinc particles would play the role of obstacles to 
prevent molecular water entering the pores in 500zinc2 specimen. The amount of 
water in the coating would affect the permittivity value greatly, because more 
water got into 10zinc2 coating film than 500zinc2 along with wet cycle, thus the 
permittivity of 10zinc2 sample was increasing faster and higher than the other as 
shown in the plots. In the next dry cycle, the water inside was pulled out by RTIL 
and the permittivity values almost came back to the original. 
It has been observed that repeated cyclic immersion between distilled 
water and RTIL under the thermal cycling could cause some changes that the 
permittivity goes up in wet cycle and almost returns to initial permittivity during 
the dry cycle. This phenomenon could be interpreted as the entry of RTIL ions 
into the pores of a coating as well as water. Besides, it was obvious that the 
raising rate and value of permittivity were higher and higher along with leveling 
up the temperature through the thermal cycling. The reason is that higher 
temperature can bring high energy to accelerate the movement of water which 
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increases the changing rate. Zinc pigment in the coating layer was consumed in 
wet cycles due to the reactant with water, which increased the porosity of coating 
system that allowed more water got in during repeated cycling experiments. 
Furthermore, smaller zinc particles reacted into zinc oxides more than the other 
one, which provided much barrier effect. The zinc oxide has higher dielectric and 
contributes to the composite dielectric increase. 
2. 10% zinc particle volume fraction with different size of zinc at same frequency 
range from 10 to 10
5
Hz. 
 
 
 
Fig.4.7  10%VF with different size for relative dielectric 
constant at freq.=10Hz 
 
Fig.4.8  10%VF with different size for relative dielectric 
constant at freq.=102Hz 
 
0 1 2 3 4 5 6 7 8 9 10
10
-2
10
0
10
2
10
4
10
6
10
8
10
10
Time (day)
R
e
la
ti
v
e
 d
ie
le
c
tr
ic
 c
o
n
s
ta
n
t
 
 
  80zinc10
  500zinc10
  10zinc10
65 C
35 C 45 C
Room Temperature
Wet Cycle
55 C
Room Temperature
0 1 2 3 4 5 6 7 8 9 10
10
-2
10
0
10
2
10
4
10
6
10
8
Time (day)
R
e
la
ti
v
e
 d
ie
le
c
tr
ic
 c
o
n
s
ta
n
t
 
 
  80zinc10
  500zinc10
  10zinc10
65 C
35 C 45 C
Wet Cycle
Room Temperature
Room Temperature
55 C
 54 
 
 
Fig.4.9  10%VF with different size for relative dielectric 
constant at freq.=103Hz 
 
Fig.4.10  10%VF with different size for relative 
dielectric constant at freq.=104Hz 
 
 
 
 
Fig.4.11  10%VF with different size for relative dielectric 
constant at freq.=105H
 
This group shows 10% volume fraction zinc particles’ permittivity 
conversion curves. It can be found that specimen 80zinc10 has an average highest 
value during the repeated cycling as first group, there was not much difference 
between 10zinc10 and 500zinc10 samples except that 10zinc10 value was a little 
lower at later periods.  
We already discussed about the 80nm zinc specimens, it was mixture and 
complicated. The second group has much higher zinc content in the coating 
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systems. Much more zinc particles were presented in these coating system than 
first group, and the system properties should be much different from first group. 
At the beginning, especially before the fourth day, curves trends and values at 
these figures were very close and similar with first group performance. However, 
the value of 500zinc10 raised quicker and higher than 10zinc10 from the fourth 
day testing. A possible explanation can be addressed  as following. Chemical 
reaction between zinc particle and water occurred in wet cycles of thermal cycling 
test, and zinc oxides were developed as a result. It’s known that the permittivity of 
zinc oxides is much higher than water and zinc normally from literature and 
reference. Because smaller particles have a larger contact surface area which 
enhances chemical reactivity, thus 500zinc10 specimen would have higher 
percentage zinc oxides in the process of thermal cycling, and the coating system 
permittivity was higher than 10zinc10 specimen.  
 
3. High zinc particle volume fraction with different size of zinc at same frequency 
range from 10 to 100000Hz. 
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Fig.4.12  High VF with different size for relative dielectric 
constant at freq.=10Hz 
 
 
Fig.4.13  High VF with different size for relative dielectric 
constant at freq.=100Hz 
 
 
 
Fig.4.14  High VF with different size for relative dielectric 
constant at freq.=1000Hz 
 
Fig.4.15  High VF with different size for relative dielectric 
constant at freq.=10000Hz 
 
 
 
Fig.4.16  High VF with different size for relative dielectric 
constant at freq.=100000Hz 
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High volume fractions zinc particle permittivity conversions were 
presented in above plots. We supposed to make 45% volume fraction specimens 
for three types size zinc particles, but it was impossible to do it for 80nm type's 
and switched to 20% instead of 45% only for 80nm. For this group, the properties 
of coating systems are highly determined by the metal pigments due to the high 
volume fraction. Zinc particles played dominant role in this case. It could be 
observed that 500zinc45 and 10zinc45 have close value and similar conversion 
over the thermal cycling range as second group, 10zinc45 was also the lowest but 
the difference between these two specimens was slightly lower than second group.  
The reason can be stated as that high percentage zinc content system increased the 
reacting possibility that more reactant appeared which caused the permittivity 
increased  compared to second group for 10zinc45 specimen. Furthermore, the 
increased possibility of reaction was a little higher than 500zinc45.  
 
Case B. Same size zinc with various frequencies at different volume fractions 
1. 80nm zinc particle with various frequency at different volume fractions 
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Fig.4.17  80zinc2 with different freq. for permittivity Fig.4.18  80zinc10 with different freq. for permittivity 
 
 
 
 
           Fig.4.19  80zinc20 with different freq. for permittivity 
 
From this set of figure, it can be found that the permittivity of coating was 
decreasing with the increase of frequency in three VF situations. The current 
applied between the coating systems would be like DC current when the 
frequency is very small, and would perform as AC current as the frequency is 
higher. In the first and third plots, we can see that all curves have same trends and 
conversion, and they were almost parallel. The permittivity kept stable in the first 
dry cycle, and increased in wet cycle, then came back to original levels. The 
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similar process, repeated up and down, could be observed along with thermal 
cycling. The second plot is same as others except one step between the 3rd  to 4th 
day, in which all five curves drop to same low level and merged together. The 
reason can be that electrodes and metals floor was connected after switching 
liquids.  
     
2. 500nm zinc particle size with various frequency 
 
  
            Fig.4.20  500zinc2 with different freq. for permittivity                  Fig.4.21  500zinc10 with different freq. for permittivity 
 
 
 
 
             Fig.4.22  500zinc45 with different freq. for permittivity 
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The second group of figures is similar as the first. However, the 500zinc45 
plot is different and much unstable at low frequency.  
 
3. 10um zinc particle size with various frequency 
  
       Fig.4.23  10zinc2 with different freq. for permittivity                     Fig.4.24  10zinc10 with different freq. for permittivity 
 
 
 
 
                Fig.4.25  10zinc45 with different freq. for permittivity 
 
In the 10zinc group, some different can be found. The first and third 
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frequency. For the second plot, 10Hz curve is abnormal because the value is much 
higher than others.  
 
Case C. Same size zinc with various volume fractions at different frequencies  
1. 80nm zinc particle size with various volume fractions 
 
Fig.4.26  80zinc with different VF for relative dielectric 
constant at freq.=10Hz 
 
Fig.4.27.  80zinc with different VF for relative dielectric 
constant at freq.=100Hz 
 
 
 
 
Fig.4.28  80zinc with different VF for relative dielectric 
constant at freq.=1000Hz 
 
 
 
 
Fig.4.29  80zinc with different VF for relative dielectric 
constant at freq.=10000Hz 
0 1 2 3 4 5 6 7 8 9 10
10
0
10
5
10
10
Time (day)
R
e
la
ti
v
e
 d
ie
le
c
tr
ic
 c
o
n
s
ta
n
t
 
 
  80zinc2
  80zinc10
  80zinc20
Room Temperature Room Temperature
Wet Cycle
65 C
35 C 45 C 55 C
0 1 2 3 4 5 6 7 8 9 10
10
0
10
5
10
10
Time (day)
R
e
la
ti
v
e
 d
ie
le
c
tr
ic
 c
o
n
s
ta
n
t
 
 
  80zinc2
  80zinc10
  80zinc20
Room Temperature Room Temperature
Wet Cycle
35 C 45 C 55 C
65 C
0 1 2 3 4 5 6 7 8 9 10
10
0
10
2
10
4
10
6
10
8
Time (day)
R
e
la
ti
v
e
 d
ie
le
c
tr
ic
 c
o
n
s
ta
n
t
 
 
  80zinc2
  80zinc10
  80zinc20
Room Temperature Room Temperature
Wet Cycle
35 C 45 C 55 C
65 C
0 1 2 3 4 5 6 7 8 9 10
10
-2
10
0
10
2
10
4
10
6
10
8
Time (day)
R
e
la
ti
v
e
 d
ie
le
c
tr
ic
 c
o
n
s
ta
n
t
 
 
  80zinc2
  80zinc10
  80zinc20
Room Temperature Room Temperature
Wet Cycle
45 C35 C 55 C 65 C
 62 
 
 
Fig.4.30  80zinc with different VF for relative dielectric 
constant at freq.=100000Hz 
 
Comparison  and discussion among different volume fractions with same 
size zinc particle will be conducted here. Except the same changing of 
permittivity along with thermal cycling experiments as above results, the 
permittivity is relatively unstable at low frequency 10Hz. The relative dielectric 
constants of coating system are increasing with the zinc volume fraction raising 
over 10Hz to 10
5
Hz based on the observation from this set plots. The reason can 
be addressed as the zinc content determining the permittivity of coating system, 
the more zinc mixed and the higher permittivity would be got. The reactant, zinc 
oxide, would be accumulated through the repeated cycle tests, which accelerate 
the raising of permittivity.  
 
2. 500nm zinc particle size with various volume fractions 
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Fig.4.31  500zinc with different VF for relative dielectric 
constant at freq.=10Hz 
 
Fig.4.32  500zinc with different VF for relative dielectric 
constant at freq.=100Hz 
 
 
 
Fig.4.33  500zinc with different VF for relative dielectric 
constant at freq.=1000Hz 
 
Fig.4.34  500zinc with different VF for relative dielectric 
constant at freq.=10000Hz 
 
 
 
Fig.4.35  500zinc with different VF for relative dielectric 
constant at freq.=100000Hz 
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The relative dielectric constants are directly dependent on the volume 
fraction of zinc particle from the above speculation. This assumption also applies 
to the second set as above five figures, high volume fraction specimen has a 
higher permittivity. The permittivities of 500zinc2 and 500zinc10 have the similar 
conversion over the repeated cycling test. The conversion of 500zinc45 
permittivity curves are not regular and flat as other contents’ specimens over 
10Hz to 10
5
Hz.  This is because high volume fraction of zinc particle raises the 
reaction complexity and make system unstable. In addition, there is a bump that 
the values of 500zinc45 permittivity down to very low flat value at the fourth wet 
step in all five plots. The reason for this type bump can be explained as electrodes 
connected with metal floor.   
 
3. 10um zinc particle size with various volume fractions 
 
 
Fig.4.36  10zinc with different VF for relative dielectric 
constant at freq.=10Hz 
 
Fig.4.37  10zinc with different VF for relative dielectric 
constant at freq.=100Hz 
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Fig.4.38  10zinc with different VF for relative dielectric 
constant at freq.=1000Hz 
 
Fig.4.39  10zinc with different VF for relative dielectric 
constant at freq.=10000Hz 
 
 
 
 
Fig.4.40  10zinc with different VF for relative dielectric 
constant at freq.=100000Hz 
 
This group 10zinc also indicates that the relative dielectric constant 
depends on the content of zinc pigment mixed in the coating system. They have 
similar conversion through the cycling test. 10zinc45 has the highest permittivity 
and changing during the cycling procedure.  
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4.3.2 Resistivity 
 
Case A. Various size zinc with same pigment volume fractions at different 
frequencies 
 
1. 2% zinc particle volume fraction with different size of zinc at same frequency 
range from 10 to 100000Hz 
  
Fig.4.41  2%VF with different size for resistivity at 
freq.=10Hz 
Fig.4.42  2%VF with different size for resistivity at 
freq.=100Hz 
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    Fig.4.43  2%VF with different size for resistivity at 
freq.=1000Hz  
Fig.4.44  2%VF with different size for resistivity at 
freq.=10000Hz 
 
 
 
 
Fig.4.45  2%VF with different size for resistivity at 
freq.=100000Hz 
 
As mentioned before, the resistivity of zinc coating system can be 
calculated through equations’ section. All the conversion process of resistivity 
value has been plotted here. Results for same pigment volume fraction 2% 
specimens with various zinc size are shown above. The resistivity of these 
different specimens are increasing along with the zinc particle size, but it is not 
very clear due to noise. This is in part due to the real component of the impedance 
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being small relative to the imaginary (capacitive region) resulting in significant 
numerical uncertainly.  
  
2. 10% zinc particle volume fraction with different size of zinc at same frequency 
range from 10 to 100000Hz 
  
Fig.4.46  10%VF with different size for resistivity at 
freq.=10Hz 
Fig.4.47  10%VF with different size for resistivity at 
freq.=100Hz 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.48  10%VF with different size for resistivity at 
freq.=1000Hz 
Fig.4.49  10%VF with different size for resistivity at 
freq.=10000Hz 
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Fig.4.50  10%VF with different size for resistivity at 
freq.=100000Hz 
 
 
 
The second group figures shows 10% VF samples’ resistivity conversion 
curves. Ignore 80nm size zinc curves and first plot, 10zinc10 have a little higher 
resistivity value than 500zinc10 in these figures. Some bumps appeared, they 
might be from the instruments themselves.  
 
3. High zinc particle volume fraction with different size of zinc at same frequency 
range from 10 to 100000Hz 
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Fig.4.51.  High VF with different size for resistivity at 
freq.=10Hz 
Fig.4.52.  High VF with different size for resistivity at 
freq.=100Hz 
 
 
 
 
 
 
Fig.4.53.  High VF with different size for resistivity at 
freq.=1000Hz 
Fig.4.54.  High VF with different size for resistivity at 
freq.=10000Hz 
 
 
 
Fig.4.55  High VF with different size for resistivity at 
freq.=100000Hz 
 
0 1 2 3 4 5 6 7 8 9 10
10
0
10
2
10
4
10
6
10
8
10
10
Time (day)
R
e
s
is
ti
v
it
y
 (
o
h
m
-m
)
 
 
  80zinc20
  500zinc45
  10zinc45
Room Temperature
55 C
Wet Cycle
35 C
Room Temperature
45 C
65 C
0 1 2 3 4 5 6 7 8 9 10
10
0
10
2
10
4
10
6
10
8
10
10
Time (day)
R
e
s
is
ti
v
it
y
 (
o
h
m
-m
)
 
 
  80zinc20
  500zinc45
  10zinc45
Room Temperature
Room Temperature
Wet Cycle
35 C
45 C 55 C 65 C
0 1 2 3 4 5 6 7 8 9 10
10
0
10
2
10
4
10
6
10
8
Time (day)
R
e
s
is
ti
v
it
y
 (
o
h
m
-m
)
 
 
  80zinc20
  500zinc45
  10zinc45
Room Temperature
55 C
65 C
35 C 45 C
Wet Cycle
Room Temperature
0 1 2 3 4 5 6 7 8 9 10
10
1
10
2
10
3
10
4
10
5
10
6
Time (day)
R
e
s
is
ti
v
it
y
 (
o
h
m
-m
)
 
 
  80zinc20
  500zinc45
  10zinc45
Room Temperature
Room Temperature
35 C
Wet Cycle
45 C
55 C 65 C
0 1 2 3 4 5 6 7 8 9 10
10
1
10
2
10
3
10
4
Time (day)
R
e
s
is
ti
v
it
y
 (
o
h
m
-m
)
 
 
  80zinc20
  500zinc45
  10zinc45
Room Temperature
Room Temperature
35 C
55 C
Wet Cycle
45 C
65 C
 71 
 
In the conversion curves of high zinc VF specimens resistivity, we can get 
the same assumption as above, larger particle specimen curves have a relative 
higher resistivity. High resistivity will bring high resistance for zinc coating 
system based on the equation R = ρ
A
l
 . 
Case B. Same size zinc with various frequencies at different volume fractions 
1. 80nm zinc particle size with various frequency 
  
          Fig.4.56  80zinc2 with different freq. for resistivity                              Fig.4.57  80zinc10 with different freq. for resistivity 
 
 
 
 
 
          Fig.4.58  80zinc20 with different freq. for resistivity 
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From  this group, the conversion curves with different frequencies are up 
and down regularly fluctuating at same pace through thermal cycling in three 
types of zinc VF specimens. The values of resistivity are decreasing as frequency 
increasing. The reason is that the current performs like DC at low frequency, and 
gradually converting to AC as frequency increasing.   
 
2. 500nm zinc particle size with various frequency 
 
 
 
 
         Fig.4.59  500zinc2 with different freq. for resistivity                         Fig.4.60  500zinc10 with different freq. for resistivity 
 
 
 
 
          Fig.4.61  500zinc45 with different freq. for resistivity 
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In 500zinc group, the conversion procedure follows the pre group. Some 
noise appears in specimens 500zinc2 and 500zinc10 when the frequency equals to 
100Hz. The third figure of this group has much noise and irregular fluctuating 
over the cycling measurement, especially at the low frequencies, the reason can 
also be from the content of pigment that increases the complexity of system.   
 
3. 10um zinc particle size with various frequency 
  
              Fig.4.62  10zinc2 with different freq. for resistivity                            Fig.4.63  10zinc10 with different freq. for resistivity 
 
 
 
 
             Fig.4.64  10zinc45 with different freq. for resistivity 
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The conversion curves of 10zinc permittivity also have the similar 
changing process. However, some noisy appeared in the procedure of conversing 
curves. Besides, there are some big bump happened in the time before switching 
Wet/Dry cycles. 
 
Case C. Same size zinc with various volume fractions at different frequencies  
1. 80nm zinc particle size with various volume fractions 
 
  
Fig.4.65  80zinc with different VF for resistivity at 
freq.=10Hz 
Fig.4.66  80zinc with different VF for resistivity at 
freq.=100Hz 
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Fig.4.67  80zinc with different VF for resistivity at 
freq.=1000Hz 
Fig.4.68  80zinc with different VF for resistivity at 
freq.=10000Hz 
 
 
 
Fig.4.69  80zinc with different VF for resistivity at 
freq.=100000Hz 
 
This group represents three VF 80nm zinc coating specimens comparison 
at different frequency. It can be seen that the resistivity is decreasing along with 
the increasing of zinc content. Because the volume fraction of pigment increasing 
in coating system that increases zinc contact probability and the percolation, this 
will allow current pass through.   
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2. 500nm zinc particle size with various volume fractions 
  
Fig.4.70.  500zinc with different VF for resistivity at 
freq.=10Hz 
Fig.4.71  500zinc with different VF for resistivity at 
freq.=100Hz 
 
 
 
  
Fig.4.72  500zinc with different VF for resistivity at 
freq.=1000Hz 
Fig.4.73  500zinc with different VF for resistivity at 
freq.=10000Hz 
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Fig.4.74  500zinc with different VF for resistivity at 
freq.=100000Hz 
 
In 500zinc group, they keep the similar trends in various frequency.  But 
some noisy appeared when frequencies arrived at the middle of the frequency 
range. The experiment was shortly paused when switching cycles, and this short 
stop might bring these spikes.  
 
3. 10um zinc particle size with various volume fractions 
 
 
Fig.4.75  10zinc with different VF for resistivity at 
freq.=10Hz 
Fig.4.76  10zinc with different VF for resistivity at 
freq.=100Hz 
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Fig.4.77  10zinc with different VF for resistivity at 
freq.=1000Hz 
Fig.4.78  10zinc with different VF for resistivity at 
freq.=10000Hz 
 
 
Fig.4.79  10zinc with different VF for resistivity at 
freq.=100000Hz 
 
 
 
At different frequency ranging from 10 to 10
5
Hz, the permittivity of 
10zinc with various volume fractions are decreasing along with content increasing. 
But some noisy appeared at some regions due to the possible reason that 
electrodes touching.  
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Chapter 5  FEM Modeling and Simulating 
The FEM modeling and simulating will be conducted here in order to evaluate 
whether the zinc size and volume concentration would bring much difference to the 
electrical properties of coating system, and how these variables would affect results to 
match measured values. COMSOL4.2a is the FEA software that has been chosen for 
realizing, modeling and simulating in our research. The permittivity and resistivity are 
two of the most significant parameter indicators for coating system refs. Through 
monitoring the difference and changing of permittivity and resistivity among various 
coating systems, we can gather important information that can be used to predict and 
evaluate the zinc-epoxy coating systems.  
The permittivity and resistivity cannot be got from the results of simulating in 
COMSOL4.2a directly. After post numerical processing for the results of simulation, then 
we get these two parameters. In the next section, we will give the detailed theoretical 
derivation to prove how we get them. 
 
 5.1 Theoretical Derivation  
From the results of simulation in COMSOL4.2a, the current  I ω = Ireal +
iIimg   generated in the surface of model can be derived in COMSOL4.2a. In addition, the 
values of frequency and voltage applied in the model are all known. Thus, we develop the 
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theoretical derivation as following based on the knowledge of circuit theory in order to 
attain resistance and capacitance. 
[34] 
 
Procedure:  
 
Knows:        I ω = Ireal + iIimg  , V, ω = 2πf 
Determine:  R, C 
Solution:  
                  ∵  Z ω =
V
I ω 
=
V
Ireal + iIimg
=
V
Ireal
2 + iIimg
2 ∙ (Ireal − iIimg ) 
                       Zreal + iZimg =
V
Ireal
2 + iIimg
2 ∙ (Ireal − iIimg ) 
                       Zreal + iZimg =
V ∙ Ireal
Ireal
2 + iIimg
2 −
V ∙ Iimg
Ireal
2 + iIimg
2 i 
                   ∴  Zreal =
V ∙ Ireal
Ireal
2 + iIimg
2  ,   Zimg =
−V ∙ Iimg
Ireal
2 + iIimg
2  
It can be derived  as follows for parallel circuit, 
                        Zreal =
R
1 + (ωCR)2
 ,   Zimg =
−ωCR2
1 + (ωCR)2
 
Subscripts for current are  real = R, img = Im as the subscripts 
                    ∴  ZR =
V ∙ IR
IR
2 + Ilm
2 =
R
1 + (ωCR)2
                                         (1) 
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                         ZIm =
−V ∙ IIm
IR
2 + IIm
2 =
−ωCR2
1 + (ωCR)2
                                       (2) 
Then (1)  2 ,  we get the following,    
                     ∴  
IR
IIm
=
R
ωCR2
,     
IR
IIm
=
1
ωCR
 
 Assume that,     
                          MR =
R
1 + (ωCR)2
,   MIm =
ωCR2
1 + (ωCR)2
 
 Thus,  
                        R =  MR[1 +  ωCR 
2],    R(ωCR) = MIm [1 + (ωCR)
2] 
                    ∴  MR 1 +  ωCR 
2  ωCR = MIm [1 + (ωCR)
2] 
                        
MR
MIm
=
1 + (ωCR)2
 1 +  ωCR 2  ωCR 
=
1
ωCR
 
                        R = MR 1 +  ωCR 
2 = MR  1 + (
MIm
MR
)2  
 Recall, 
                        ZR =
V ∙ IR
IR
2 + Ilm
2 =
R
1 + (ωCR)2
= MR ,          
IR
 IIm
=
1
ωCR
 
                        R =
V ∙ IR
IR
2 + Ilm
2
 1 +  ωCR 2 =
V ∙ IR
IR
2 + Ilm
2  1 +  
IIm
 IR
 
2
 =
V ∙ IR
IR
2 + Ilm
2 ∙
IR
2 + Ilm
2
IR
2
=
V
IR
 
 Thus,  
                         R =
V
IR
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 Also, 
                        
IR
 IIm
=
1
ωCR
=
IR
 ωCV
 
                          C =
IIm
ωV
 
 
Thus, the resistance and capacitance can be gotten from equations  R =
V
IR
 
and  C =
IIm
ωV
  respectively. We already discussed about the relationships between 
capacitance and relative permittivity, resistance and resistivity in chapter 4. For the 
relative permittivity εR =
Cd
ε0A
 , it can be got from C =
ε0εR A
d
 ; for the resistivity ρ = R 
A
l
 , 
it was from R = Zreal = ρ
l
A
 .  
 
5.2 The Design for Modeling and Simulation 
At the first step, we want to figure out how the metal pigment volume fraction 
affect the coating system properties, such as the conductivity and the permittivity of the 
composite. The shapes of all zinc particles are sphere in our experiments, we chose 10um 
particle as our model. 
Numerical problems occurred in the modeling and simulating when the geometry 
size is same as specimen used in experiments, and we cannot get any result. The 
conductivity and permittivity are independent material properties which means they don’t 
change with the shape or size of materials. Thus, we switched to basic element model, 
which is an unit coating composite that consists of unit polymer and one zinc particle 
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assumes order, complete dispersing. Cylinder was chosen as the polymer geometry, and 
sphere of zinc particle was positioned in the center of cylinder as Fig.5.1. 
 
 
 
Fig.5.1 Unit Model for Coating Composite 
 
In order to understand how the zinc volume fraction affect the composite 
properties, we need to test various zinc volume fraction coating system. Thus, a series 
volume fractions have been selected which contains 0%, 2%, 5%, 10%, 25%, 45%, 55%, 
66.7%. The first and last volume fractions are the two limits for this geometry, and all 
volume fractions are keeping consistent that means the distances a are all exactly same 
from the top, bottom, side to sphere as Fig.5.2 shown. 
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Fig.5.2 Diagram of 2D Model  
 
 
 
Based on the above geometry diagram, the relationship among distance a, sphere 
radius r, and pigment volume fraction VF can be found. The pigment volume fraction VF 
equals to the volume of sphere divided by volume of cylinder, 
VF =
Vsphere
Vcylinder
 ,      
where   Vsphere =
4
3
πr3   and   Vcylinder = πR
2H . 
The height H and the radius of cylinder R are also known as H = 2 a +
r  and R = a + r  respectively from the geometric relationship. Thus, pigment volume 
fraction can be developed as   
VF =
2
3
(
1
1 +
a
r
)3,  
then distance a equals to 
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a = r
 
 
1
 3VF
2
3
− 1
 
 .  
Finally, the height and radius of cylinder can be obtained from H =
2 a + r  and R = a + r respectively.  
10nm and 500nm are also selected to modeling and simulating as zinc particle 
radius. For these two cases, we just chose one type volume fraction 45% to understand 
whether the particle size affects the conductivity and the permittivity. Thus, we just need 
to run the simulation for these two cases again after first running. The next section will 
give the details about the modeling and simulation.  
 
5.3 Modeling and Simulation Setup in COMSOL4.2a 
COMSOL4.2a has been chosen as our applicable software to realize the modeling 
and numerical simulation process here. In the above section, we already made plans for 
the three dimensions model and conditions. Multiphysics AC/DC module would be 
chosen for modeling the physics, because our experiments was  electrochemical 
experiments where specimens were applied currents at a frequency range. This following 
section will state the detailed information about the modeling and numerical simulation 
setup in COMSOL4.2a.  
 
Initializing  
1. Double click COMSOL4.2a Desktop icon  to start it. 
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2. Then select 3D in the “Model Wizard” window, and click blue arrow to continue. 
3. Open “AC/DC” branch, choose “Electric Currents (ec)” as the physics. 
4. In the “Select Study Type”, select “Frequency Domain” as our study type, which 
computes a frequency response in the frequency domain. 
5. Click the flag icon  to finish the initializing.  
 
Geometry 
1. Right click Global Definitions in the Model Builder, and choose Parameters. 
2. Input Height and Radius in the Parameters window, and give value 10um and 
5um respectively.   
3. Select “um” as Length unit in the Settings of Geometry window. 
4. Use the Sphere primitive to create a zinc particle of radius 5um, set the Position of 
the Center of this object to the origin.  
5. Create a Cylinder primitive with a height of Height, a radius of Radius, and 
Position of the Center of this object to the origin that input z of -Height/2. 
6. Finally, go to Geometry1 branch, and click  Build All icon  . 
 
Materials 
1. Define two materials, Zinc and Polymer. There are two properties that have to be 
defined within the electric currents formulation are the electrical conductivity and 
the relative permittivity.  
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2. Set Electrical Conductivity  to 1e7 for the Zinc of sphere domain, and 1e7 for 
the Polymer domain. (The values are from measurements) 
3. Set Relative Permittivity  to 1 for the Zinc, and 4.5 for the Polymer. 
 
Electric Currents (ec) 
The governing equations within this domain are the electrics currents equations. 
This governing equations are solved for the voltage field, V. 
1. Select the Electric Currents feature of the Model Tree and select all domains 
that participate in this physics, the zinc and the polymer.  
2. Right click Electric Currents, select Electric Potential feature. Set 0.01 to 
Electric Potential as applied voltage to the system.  
3. The Current Conservation feature will use the material properties from the 
Materials definitions, so no changes are needed to this model feature.  
4. The default Electric Insulation boundary condition is a good approximation of a 
boundary to free space.  
5. Apply the Ground boundary condition to bottom of the cylinder. 
6. The Initial Values do not affect this linear stationary problem, no changes are 
needed in the default settings. 
 
Mesh and Study 
1. Apply the Fine Size, Physics-controlled mesh in the Mesh window setup. 
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2. In the Frequency Domain settings, Browse text file named “EIS_frequency” 
and click Read File, then all data appears in the Frequencies. 
3. Add Parametric Sweep feature from the study1,  choose parameters Height and 
Radius in the parameters names. 
4. Browse the text file named “new_thesis” and load parameter values.  
5. Click compute button  to run the numerical calculation.  
 
Results  
There are two Solutions in the Data Sets. Solution 2 is storing the results of 
solving the Parametric Sweep, which contains different parameters combination for 
Height and Radius. The last combination from Solution 2 is saved in Solution 1 too. 
Make a Slice plot of the voltage and add a Arrow Line plot of the norm of the current 
density as Fig.5.3. 
Go to Derived Values > Integration and evaluate top surface integration for 
current density, which automatically computes the real and imaginary part of current. 
Copy and paste all these values into an empty Excel file for post processing. Save this 
model before close COMSOL4.2a. 
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Fig.5.3 3D Plot of Voltage and Current Density 
 
 
5.4  Discussion for Simulation Results  
5.4.1 Post Process for data 
As discussed in the section of Theoretical derivation, we already obtained the 
relationship between resistance, capacitance and currents. The resistance can be got from 
equation,   
R =
V
IR
 , 
where V is voltage applied in the simulation, IR  is the real part of current from simulation 
results.  
The capacitance can be obtained as the other equation,  
C =
IIm
ωV
 , 
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where IIm  is imaginary part of current from simulation results, ω  equals to 2πf  (f is 
frequency), V is voltage. 
Apply above equations to get all resistance and capacitance, save the results. The 
next step is to calculate the parameters permittivity and resistivity. The permittivity is  
ε =
Cd
ε0A
 
where C is capacitance that has been calculated before, d is height and A is the surface 
area of cylinder, ε0 is the permittivity of free space. Put all parameters into this equation, 
get all permittivities and save them.  
For the resistivity, 
ρ = R
A
l
 
 
where R is the resistance, A is the surface area and l is the height of cylinder. 
 
 
5.4.2 Results Discussion  
 
1. Resistivity 
After calculating all resistivity from the above process, we found that all 
values at different frequencies are almost same for any specific zinc volume fraction 
type (Table.5.1). From this point, it can also verify that the resistivity is independent 
property of materials which mean it doesn’t change with the shape of size of material.  
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Table.5.1 Resistivity of different zinc volume fraction samples 
 
 
From the values of resistivity listed in Table.5.1, it can be observed that the 
value of resistivity is decreasing along with the increasing of the pigment volume 
fraction in the coating system. Our experiments results also have the same trends as 
discussed in chapter 4. The reason is that the amount of metal additive raises the 
conductivity of the composite which reduces the resistivity in turn. The simulation 
results here can confirm the conductivity used in simulations. With MATLAB, we 
plotted the scatter figure of resistivity as function of zinc volume fraction, and 
inserted the fitting line as Fig.5.4. 
freq 66.70% 55% 45% 25% 10% 5% 2% 0% 
0.1 7.03E+05 2.24E+06 3.19E+06 3.70E+06 2.09E+08 9.15E+06 9.56E+06 9.99E+06 
1 7.03E+05 2.25E+06 3.20E+06 3.73E+06 1.02E+09 9.71E+06 9.38E+06 9.99E+06 
10 7.03E+05 2.28E+06 3.10E+06 3.70E+06 -7.64E+07 8.93E+06 9.38E+06 9.99E+06 
100 7.03E+05 2.09E+06 3.06E+06 #DIV/0! 4.49E+05 9.60E+06 9.41E+06 9.99E+06 
1000 7.03E+05 1.62E+06 2.79E+06 3.46E+06 1.78E+07 9.47E+06 9.89E+06 9.99E+06 
10000 7.03E+05 3.01E+06 3.00E+06 3.93E+06 3.47E+07 8.83E+06 9.52E+06 9.99E+06 
1.00E+05 7.03E+05 2.25E+06 3.13E+06 2.93E+06 1.16E+07 8.10E+06 1.04E+07 9.99E+06 
1.00E+06 7.03E+05 2.33E+06 3.12E+06 2.91E+06 1.52E+07 1.09E+07 9.09E+06 9.99E+06 
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Fig.5.4 Resistivity at different zinc VF 
 
 
2. Permittivity 
The values of permittivity are also very close at various frequencies in specific 
zinc volume fraction due to the independence of materials’ properties. Table.5.2 gives 
all the values of permittivity at different pigment volume fractions. However, the 
permittivity values of 10% volume fraction are different, and there is a little big 
difference among them. The problem maybe from the numerical algorithms or mesh 
density. More research need to be done to figure out this problem.  
0 10% 20% 30% 40% 50% 60% 70%
10
5
10
6
10
7
10
8
Zinc Volume Fraction (%)
R
e
s
is
ti
v
it
y
 o
f 
C
o
m
p
o
s
it
e
 
 
10%,1.52E+07
25%, 2.91E+06
45%, 3.12E+06
55%, 2.33E+06
2%, 9.09E+06
5%,1.09E+07
2%, 9.09E+06
 93 
 
Table.5.2 Permittivity of different zinc volume fraction samples 
 
Fig.5.5 is the plot of permittivity of function of zinc volume fraction. In 
general, the permittivity is increasing along with the raising of zinc volume fraction. 
The permittivity is 4.5 at the beginning where there is no metal pigment, and this 
values is exactly equaling the polymer permittivity. The value of permittivity 
increases slowly from the beginning to the point of 55%, then the permittivity is very 
sensitive to the zinc volume fraction which means there will be a very big raising of 
permittivity to a small increase of zinc volume fraction. The other limit of 
permittivity is at zinc volume fraction of 66.7%, which is the maximum that the 
permittivity is 64.1.   
freq 66.70% 55% 45% 25% 10% 5% 2% 0% 
0.1 64.1 19.6 14.2 10.1 12.9 5.4 4.8 4.51 
1 64.1 19.6 14.2 9.9 12.3 5.3 4.8 4.51 
10 64.1 27.5 7.2 10.0 12.0 5.2 4.8 4.51 
100 64.1 19.2 14.1 0.0 -49.0 5.2 4.8 4.51 
1000 64.1 19.6 14.2 9.0 6.2 5.2 4.8 4.51 
10000 64.1 19.6 14.2 8.7 6.0 5.2 4.8 4.51 
1.00E+05 64.1 19.6 14.2 8.7 6.0 5.2 4.8 4.51 
1.00E+06 64.1 19.6 14.2 8.7 6.0 5.2 4.8 4.51 
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 Fig.5.5 Permittivity at different zinc volume fraction 
 
 
 
3. Results of 10nm and 500nm zinc 
We already got the conclusion that the pigment content would bring affect to 
the coating system properties from the above discussion of simulation. However, one 
of the modeling and simulating purposes is to understand how the pigment particle 
size affect the properties of composite. Thus, sizes of 10nm and 500nm for zinc 
particle have been chosen to do modeling and simulation in order to compare with 
each other. We can just selected volume fraction of 45% as our models for these two 
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type sizes. With the same procedure of 10um modeling and simulation setup above, 
we got the results as following.  
Table 5.3 is the results summary of 500nm type, we can read that the values of 
resistivity and permittivity are very close to the values of 45% volume fraction in 
table 5.2, the error are about 0.05 and 0.0007 for permittivity and permittivity 
respectively. 
 
Table 5.3 Resistivity and Permittivity of 500nm zinc 
 
Freq. Resistivity Permittivity  
0.1 3.28E+06 14.24  
1 3.26E+06 27.78  
10 3.32E+06 14.21  
100 3.38E+06 13.65  
1000 2.98E+06 14.19  
10000 3.18E+06 14.19  
1.00E+05 3.24E+06 14.19  
1.00E+06 3.16E+06 14.19 
 
 
For the smallest one 10nm, Table 5.4 give the simulation summary, it can be 
found that the values of resistivity and permittivity are also approximately to the 
values of 45% volume fraction in table 5.2, the error are about 0.005 and 0.0007 for 
permittivity and permittivity respectively in this case.  
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Table 5.4 Resistivity and Permittivity of 10nm zinc 
 
Freq. Resistivity Permittivity 
0.1 3.19E+06 14.19 
1 3.09E+06 14.20 
10 3.20E+06 15.81 
100 3.23E+06 14.43 
1000 2.88E+06 14.26 
10000 3.70E+06 14.19 
1.00E+05 3.15E+06 14.19 
1.00E+06 3.23E+06 14.19 
 
Based on the modeling and simulation results summary and comparison, it is 
very clear that the zinc particle size doesn’t affect the coating properties such as the 
permittivity and resistivity at particle size ranging from 10nm to 10um at least.  
 
 
 
 
 
 
 
 
Fig.5.6  Resistivity of  500nm, 10nm, and 10um zinc                                       Fig.5.7 Permittivity of 500nm, 10nm, and 10um zinc 
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done in this chapter, thus we should take the results of 10um zinc coating experiments to 
compare. The simulation was testing the initial part of the thermal cycling experiment 
where the initial permittivity and resistivity can be obtained. Table 5.5 and 5.6 are the 
initial values for permittivity and resistivity in the experiments.  
As we have discussed, the real experiments measurement shows that there is a 
relationship between frequency and these values, which means permittivity and resistivity 
are dependent on frequency that can be observed from tables 5.5 and 5.6. Especially for 
the resistivity, the gaps are big and very easy to tell. But for the permittivity, we can plot 
these experiment value with simulation results in order to matching and comparing each 
others as Fig.5.6.  
 
                                                          Table 5.5  Initial values of Permittivity for 10zinc 
 
Frequency 10 100 1000 10000 100000 
10zinc2_FirstDryTotal: 4.51 4.28 4.05 3.96 3.81 
10zinc10_FirstDryTotal: 7.88 7.61 7.06 6.50 6.01 
10zinc45_FirstDryTotal: 410.05 50.14 26.70 20.57 18.11 
Clear Coating: 7.6 5.45 4.19 3.89 3.65 
                                                           
 
 
                                                          Table 5.6  Initial values of Resistivity for 10zinc 
 
Frequency 10 100 1000 10000 100000 
10zinc2_FirstDryTotal: 1.66E+07 1.96E+06 1.38E+05 1.22E+04 2.17E+03 
10zinc10_FirstDryTotal: 1.27E+07 1.06E+06 1.57E+05 1.64E+04 2.05E+03 
10zinc45_FirstDryTotal: 1.33E+07 1.95E+06 1.68E+05 1.08E+04 9.95E+02 
Clear Coating: 2.51E+07 8.18E+06 5.41E+05 4.09E+04 2.89E+03 
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Fig.5.8 Comparison of Permittivity between Modeling and Experiments 
 
 
There are slightly difference for permittivity among different frequencies. One 
possible reason is that the permittivity is dependent on the frequency in experiments, and 
the other reason is likely from the metal oxide between metal panel and coating film, 
which is impossible to avoid due to fast oxidation even with pre treatment mentioned in 
the experiments procedure. This metal oxide layer will bring some impact to our circuit 
model that the total capacitance would be affected in the series circuit. However, these 
values are almost matching the simulation curve which are obtained in a complete ideal 
conditions. 
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Chapter 6  Conclusion and Future Work 
The role of zinc particle size and loading in cathodic protection efficiency has 
been discussed with both experiments and simulations in this thesis. The permittivity and 
resistivity are two of the most significant parameter indicators for coating system based 
on relevant literature. Through monitoring the difference and changing of permittivity 
and resistivity among various coating systems, we can gather important information that 
can be used to predict and evaluate the zinc-epoxy coating systems. 
For the particle size effect in the real experiments measurements, we found that 
the permittivity values of various coating specimens are very close in the first dry cycle. 
This is because the size of particle doesn’t bring much difference to the composite 
permittivity at least in a relative size range as in our case. Then, the coating specimens 
with smaller zinc particles would perform a higher relative permittivity than that with 
larger size under similar conditions during the remaining thermal cycling test. Because 
smaller particles have a larger contact surface area which enhances chemical reactivity, 
thus 500nm zinc specimen would have higher percentage zinc oxides in the process of 
thermal cycling, and the coating system permittivity was higher than 10um zinc 
specimen. The difference of resistivity is not obvious among specimens with various zinc 
sizes. It looks like that the resistivity is slightly higher for coating composite with larger 
particle size in same conditions, but the values is much dependent on the frequency in the 
experiments. Based on the modeling and simulation, it was observed that the values of 
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permittivity calculated from different specimens with various size zinc particles ranging 
from 10nm to 10um in the first cycle doesn’t differ much. This conclusion is almost 
matching our experiments. The values of resistivity are very close at various specimens in 
simulation and this is different from the measurements which is more frequency 
dependent. Much work need to be done to figure out the reason.  
For the pigment volume fraction in the coating composite, it can be concluded 
that the permittivity increases along with raising the pigment volume fraction. Calculate 
all these permittivities from first cycle, we found there is a little difference among various 
frequencies for any specimen. From the modeling and simulation results, we also 
observed the same trends that the permittivity raises with increasing of pigment volume 
fraction. But all values are same at different frequencies for any specimen. After plotting 
the results for simulation and real measurements to pigment volume fraction, these curves 
have same trends and almost matching each other. One thin zinc oxide layer can be 
developed between the surface of metal and coating layer, which will bring effect to the 
permittivity of coating composite, and this can explain why there is difference between 
the simulation and measurements results. The resistivity drops when the pigment volume 
fraction raising in both real experiments and simulation. This is because the amount of 
additive increases the conductivity of composite.  
Our research can be applied in the real industrial world, such as manufacture of 
autos, ships, and aircrafts. It can be used to determine how fast the coating would last 
based on the real measurement of permittivity and resistivity from the coating layers. 
With improved modeling, we also can design and test coating composite that satisfy the 
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protection requirements based on the modeling and simulation curves. However, more 
research works are needed in both experiments and modeling. Firstly, X-ray Diffraction 
will be used to determine our zinc sample, especially verify 80nm zinc particle which has 
been assumed as zinc oxide. More measurements should be done to verify the coating 
composite, such as SEM test. We also need to add more sizes of zinc particles to take the 
same thermal cycling measurements in order to improve the conclusion. The zinc oxide 
shell of zinc particle modeling also should be built that can be used in the simulation for 
understanding the complete thermal cycling test as a function of cycling time.  
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Appendix A 
MATLAB Code for zinc mass: 
 
 
function volumfraction(m_epoxy,vt) 
% m_epoxy is the mass of epoxy, m_zinc is zinc, v is the required zinc 
volume fraction 
  
% The mass of amine is same as epoxy due to the chemical reactivity 
ratio 
m_amine = m_epoxy 
  
% Define the parameters  
d1 = 1.16; % the density of epoxy 
d2 = 0.97; % the density of amine 
d3 = 7.14; % the density of zinc 
  
  
Vep = m_epoxy/d1; % the volume of epoxy 
Vam = m_amine/d2; % the volume of amine 
  
% In order to get the mass needed for zinc concentration 
m_zinc = (vt/(1-vt))*d3*(m_epoxy/d1+m_epoxy/d2) 
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Appendix B 
 
C++ Programming for Initial Data Processing: 
// GMARY_DATA_ProcessView.cpp : implementation of the CGMARY_DATA_ProcessView class 
// 
 
#include "stdafx.h" 
#include "GMARY_DATA_Process.h" 
 
#include "GMARY_DATA_ProcessDoc.h" 
#include "GMARY_DATA_ProcessView.h" 
 
#ifdef _DEBUG 
#define new DEBUG_NEW 
#undef THIS_FILE 
static char THIS_FILE[] = __FILE__; 
#endif 
 
///////////////////////////////////////////////////////////////////////////// 
// CGMARY_DATA_ProcessView 
 
IMPLEMENT_DYNCREATE(CGMARY_DATA_ProcessView, CView) 
 
BEGIN_MESSAGE_MAP(CGMARY_DATA_ProcessView, CView) 
 //{{AFX_MSG_MAP(CGMARY_DATA_ProcessView) 
 ON_COMMAND(ID_Open_File, OnOpenFile) 
 ON_COMMAND(ID_Start, OnStart) 
 //}}AFX_MSG_MAP 
 // Standard printing commands 
 ON_COMMAND(ID_FILE_PRINT, CView::OnFilePrint) 
 ON_COMMAND(ID_FILE_PRINT_DIRECT, CView::OnFilePrint) 
 ON_COMMAND(ID_FILE_PRINT_PREVIEW, CView::OnFilePrintPreview) 
END_MESSAGE_MAP() 
 
///////////////////////////////////////////////////////////////////////////// 
// CGMARY_DATA_ProcessView construction/destruction 
 
CGMARY_DATA_ProcessView::CGMARY_DATA_ProcessView() 
{ 
 // TODO: add construction code here 
 
 this->m_Is_Open=false; 
 
} 
 
CGMARY_DATA_ProcessView::~CGMARY_DATA_ProcessView() 
{ 
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} 
 
BOOL CGMARY_DATA_ProcessView::PreCreateWindow(CREATESTRUCT& cs) 
{ 
 // TODO: Modify the Window class or styles here by modifying 
 //  the CREATESTRUCT cs 
 
 return CView::PreCreateWindow(cs); 
} 
 
///////////////////////////////////////////////////////////////////////////// 
// CGMARY_DATA_ProcessView drawing 
 
void CGMARY_DATA_ProcessView::OnDraw(CDC* pDC) 
{ 
 CGMARY_DATA_ProcessDoc* pDoc = GetDocument(); 
 ASSERT_VALID(pDoc); 
 // TODO: add draw code for native data here 
} 
 
///////////////////////////////////////////////////////////////////////////// 
// CGMARY_DATA_ProcessView printing 
 
BOOL CGMARY_DATA_ProcessView::OnPreparePrinting(CPrintInfo* pInfo) 
{ 
 // default preparation 
 return DoPreparePrinting(pInfo); 
} 
 
void CGMARY_DATA_ProcessView::OnBeginPrinting(CDC* /*pDC*/, CPrintInfo* /*pInfo*/) 
{ 
 // TODO: add extra initialization before printing 
} 
 
void CGMARY_DATA_ProcessView::OnEndPrinting(CDC* /*pDC*/, CPrintInfo* /*pInfo*/) 
{ 
 // TODO: add cleanup after printing 
} 
 
///////////////////////////////////////////////////////////////////////////// 
// CGMARY_DATA_ProcessView diagnostics 
 
#ifdef _DEBUG 
void CGMARY_DATA_ProcessView::AssertValid() const 
{ 
 CView::AssertValid(); 
} 
 
void CGMARY_DATA_ProcessView::Dump(CDumpContext& dc) const 
{ 
 CView::Dump(dc); 
} 
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CGMARY_DATA_ProcessDoc* CGMARY_DATA_ProcessView::GetDocument() // non-debug version 
is inline 
{ 
 ASSERT(m_pDocument->IsKindOf(RUNTIME_CLASS(CGMARY_DATA_ProcessDoc))); 
 return (CGMARY_DATA_ProcessDoc*)m_pDocument; 
} 
#endif //_DEBUG 
 
///////////////////////////////////////////////////////////////////////////// 
// CGMARY_DATA_ProcessView message handlers 
 
void CGMARY_DATA_ProcessView::OnOpenFile()  
{ 
 // TODO: Add your command handler code here 
 
 CFileDialog Input_file(true); 
 
 CString FileName; 
 CString WorkPath; 
 if(IDOK==Input_file.DoModal()) 
  this->m_Is_Open = true; 
 else 
  return; 
   
 WorkPath = Input_file.GetPathName(); 
 FileName = Input_file.GetFileName(); 
 this->m_PrePathName = FileName.Left(FileName.GetLength()-5); 
 this->m_PathName = WorkPath.Left(WorkPath.GetLength() - FileName.GetLength()); 
 
 int n = 0; 
 int m =0; 
 m = this->m_PathName.GetLength(); 
 n = this->m_PathName.ReverseFind('\\'); 
 this->m_PathName = this->m_PathName.Left(n); 
 n = this->m_PathName.ReverseFind('\\'); 
 this->m_PathName = this->m_PathName.Left(n); 
  
} 
 
void CGMARY_DATA_ProcessView::OnStart()  
{ 
 // TODO: Add your command handler code here 
 
 this->m_ResultPathName = this->m_PathName + "\\Result"; 
  
 ////ÈôÎÄ¼þ¼Ð²»´æÔÚ ´´½¨ÎÄ¼þ¼Ð 
 DWORD dwAttr; 
 dwAttr = GetFileAttributes(this->m_ResultPathName); 
 if(dwAttr==0xFFFFFFFF) 
  CreateDirectory(this->m_ResultPathName,NULL); 
 
 CString FileName; 
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 FILE *fin,*fout_1,*fout_2, *fout_3,*fout_4,*fout_5,*fout_BadFile; 
 
 FILE *fout; 
  
 fout_1= fopen(this->m_ResultPathName+"\\100000.txt","w"); 
 fout_2= fopen(this->m_ResultPathName+"\\10000.txt","w"); 
 fout_3= fopen(this->m_ResultPathName+"\\1000.txt","w"); 
 fout_4= fopen(this->m_ResultPathName+"\\100.txt","w"); 
 fout_5= fopen(this->m_ResultPathName+"\\10.txt","w"); 
 fout_BadFile = fopen(this->m_ResultPathName+"\\BadFile.txt","w"); 
 
 //²éÕÒ´¦ÀíµÄÎÄ¼þ¼Ð 
 CFileFind tempFind_folder;  
    BOOL bFound; //ÅÐ¶ÏÊÇ·ñ²éÕÒµ½ÎÄ¼þ,ÎÄ¼þ¼Ð 
    int Num_of_folder=0; 
  
 bFound=tempFind_folder.FindFile(this->m_PathName+ "\\*.*");    
  
 
 char str[200]; 
 int num_folder =0; 
 
 //²é¿´¹²ÓÐ¶àÉÙ¸öÎÄ¼þ¼Ð 
 while(bFound)       
    {  
        bFound=tempFind_folder.FindNextFile();  
                                                               
        if(tempFind_folder.IsDots()) //Èç¹ûÕÒµ½·µ»ØÉÏ²ãÄ¿Â¼ ¾Í½áÊø±¾´ÎÑ»· 
      continue;  
 
        if(tempFind_folder.IsDirectory())   //Èç¹ûÊÇÎÄ¼þ¼Ð 
        {  
            CString Foler_Name = tempFind_folder.GetFilePath() ; 
   if(tempFind_folder.GetFilePath() != this->m_ResultPathName) 
   { num_folder++; 
    //strTmp="";  
                //strTmp=tempFind.GetFilePath(); 
 
                //FindFile(strTmp);  
   } 
  } 
 } 
 
 tempFind_folder.Close(); 
 
  
 //´¦ÀíÃ¿¸öÎÄ¼þ¼Ð 
 CFileFind tempFind_file; 
 CString sub_folder_path; 
 int sub_folder_index =1; 
 int Run_step =1 ;  
 while(sub_folder_index <= num_folder )       
    {  
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        sub_folder_path.Format("%s\\%d",this->m_PathName,sub_folder_index); 
   
  bFound= tempFind_file.FindFile( sub_folder_path + "\\*.DTA");  
 
 
  //²é¿´¹²ÓÐ¶àÉÙÎÄ¼þ 
  int Num_of_file=0; 
  //used to save the common part of the file name 
  CString FilePath ; 
  while(bFound) 
  { 
   bFound=tempFind_file.FindNextFile();  
   if(tempFind_file.IsDots()) //Èç¹ûÕÒµ½·µ»ØÉÏ²ãÄ¿Â¼ nothing happen 
    continue;  
   else  
    { 
     Num_of_file++;  
     //±£´æÎÄ¼þÃû 
     FilePath = tempFind_file.GetFilePath() ; 
    } 
  } 
  
  //»ñÈ¡Ã¿¸öÎÄ¼þÃûµÄ¹«¹²²¿·Ö 
  FilePath = FilePath.Left(FilePath.GetLength()-4); 
  while( ('0' <= FilePath[FilePath.GetLength()-1]) &&  ( FilePath[FilePath.GetLength()-
1]<= '9')) 
  { 
   FilePath = FilePath.Left(FilePath.GetLength()-1); 
  } 
 
  int file_index = 1; 
  //´¦ÀíÃ¿¸öÎÄ¼þ 
  while(file_index < Num_of_file -1 ) 
  { 
    
   //Éú³ÉÎÄ¼þÈ«Ãû 
   CString File_Full_Name; 
   File_Full_Name.Format("%s%d.DTA",FilePath,file_index); 
    
   //open the *.DTA file 
   fin = NULL; 
   fin = fopen(File_Full_Name,"r"); 
   if(fin == NULL) 
   { 
    MessageBox("Can not open the file" + File_Full_Name ); 
    exit(1); 
   } 
    
   //read the data 
   fgets(str,199,fin); 
   int result=1; 
   result = strcmp(str,"EXPLAIN\n"); 
   if(result != 0) 
 114 
 
   { 
    MessageBox("Can not open the file" + FileName ); 
    exit(1); 
   } 
    
   fprintf(fout_1,"Run%d  Run%d  ",file_index, Run_step); 
   fprintf(fout_2,"Run%d  Run%d  ",file_index, Run_step); 
   fprintf(fout_3,"Run%d  Run%d  ",file_index, Run_step); 
   fprintf(fout_4,"Run%d  Run%d  ",file_index, Run_step); 
   fprintf(fout_5,"Run%d  Run%d  ",file_index, Run_step); 
    
    
   fgets(str,199,fin); 
   fgets(str,199,fin); 
   fscanf(fin,"%s",str); 
   fscanf(fin,"%s",str); 
   fscanf(fin,"%s",str); 
    
   // output the date 
   fprintf(fout_1,"%s  ",str); 
   fprintf(fout_2,"%s  ",str); 
   fprintf(fout_3,"%s  ",str); 
   fprintf(fout_4,"%s  ",str); 
   fprintf(fout_5,"%s  ",str); 
    
   fgets(str,199,fin); 
   fscanf(fin,"%s",str); 
   fscanf(fin,"%s",str); 
   fscanf(fin,"%s",str); 
    
   // output the time 
   fprintf(fout_1,"%s  ",str); 
   fprintf(fout_2,"%s  ",str); 
   fprintf(fout_3,"%s  ",str); 
   fprintf(fout_4,"%s  ",str); 
   fprintf(fout_5,"%s  ",str); 
    
    
   fgets(str,199,fin); 
   while((0 != strcmp( str,"ZCURVE TABLE\n" )) ) 
   { 
    fgets(str,199,fin); 
   } 
   fgets(str,199,fin); 
   fgets(str,199,fin); 
    
   
   //Pt-- Port 
   int i, Pt;  
   int Bad_Port[5]; 
    
   //³õÊ¼»¯bad port array, -1 means ok, the other number means its corresponding 
port is missing. 
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   // initial state is bad; 
   for(i = 0; i<5; i++) 
    Bad_Port[i] = i; 
    
   for(i=0; i<5 ; i++) 
   { 
    Pt = -100; 
    fscanf(fin,"%d",&Pt); 
    if((-100 == Pt) || (feof(fin))) 
     break; 
 
    fout = NULL; 
    // determin which port  it belong to 
    if( 0== Pt ) 
    { 
     fout = fout_1; 
     Bad_Port[Pt] = -1; 
    } 
    if( 1== Pt ) 
    { 
     fout = fout_2; 
     Bad_Port[Pt] = -1; 
    } 
    if( 2== Pt ) 
    { 
     fout = fout_3; 
     Bad_Port[Pt] = -1; 
    } 
    if( 3== Pt ) 
    { 
     fout = fout_4; 
     Bad_Port[Pt] = -1; 
    } 
    if( 4== Pt ) 
    { 
     fout = fout_5; 
     Bad_Port[Pt] = -1; 
    } 
    //read each port data 
    fscanf(fin,"%s",str); 
    fscanf(fin,"%s",str); 
    //Zreal 
    fscanf(fin,"%s",str); 
    fprintf(fout,"%s   ",str); 
    //Zimage 
    fscanf(fin,"%s",str); 
    fprintf(fout,"%s   ",str); 
    //ignore the Zsig and Zmod 
    fscanf(fin,"%s",str); 
    fscanf(fin,"%s",str); 
    //Zphz 
    fscanf(fin,"%s",str); 
    fprintf(fout," %s\n",str); 
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    fgets(str,199,fin); 
   }   
   fclose(fin); 
    
   // process bad port 
   int Num_bad_Port = 0; 
   for(i=0; i<5; i++) 
   { 
    if(-1 != Bad_Port[i]) 
    { 
     if( 0== Bad_Port[i] ) 
      fout = fout_1; 
     if( 1== Bad_Port[i] ) 
      fout = fout_2; 
     if( 2== Bad_Port[i] ) 
      fout = fout_3; 
     if( 3== Bad_Port[i] ) 
      fout = fout_4; 
     if( 4== Bad_Port[i] ) 
      fout = fout_5; 
      
     fprintf(fout," %d  %d  %d\n",0,0,0); 
     // output the bad port num 
     fprintf(fout_BadFile,"%d  ", Bad_Port[i]); 
     Num_bad_Port ++; 
    } 
     
   } 
   if( 0 !=  Num_bad_Port ) 
    fprintf(fout_BadFile,"%s\n",File_Full_Name); 
    
   file_index ++; 
   Run_step ++; 
    
  } 
  sub_folder_index ++;                                                          
 } 
 
  
 fclose(fout_1); 
 fclose(fout_2); 
 fclose(fout_3); 
 fclose(fout_4); 
 fclose(fout_5); 
 fclose(fout_BadFile); 
 
 MessageBox("Finished!"); 
  
} 
 
bool  CGMARY_DATA_ProcessView::IsGoodFile(CString FileName) 
{ 
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 bool flag = false; 
 char str[200]; 
 //open the *.DTA file 
 FILE *fin; 
 fin = NULL; 
 fin = fopen(FileName,"r"); 
 if(fin == NULL) 
 { 
  flag = false; 
  return flag; 
 } 
  
  
 //read the data 
 fgets(str,199,fin); 
 int result=1; 
 result = strcmp(str,"EXPLAIN\n"); 
 if(result != 0) 
 { 
  flag = false; 
  return flag; 
 } 
  
  
 fgets(str,199,fin); 
 while((0 != strcmp( str,"ZCURVE TABLE\n" )) ) 
 { 
  fgets(str,199,fin); 
 } 
 fgets(str,199,fin); 
 fgets(str,199,fin); 
 
 
 
 //for 100000Hz  
 fgets(str,199,fin); 
  
 //for 10000Hz  
 fgets(str,199,fin); 
 //for 1000Hz  
 fgets(str,199,fin); 
 //for 100Hz  
 fgets(str,199,fin); 
 //for 10Hz  
 fgets(str,199,fin); 
 
 if(feof(fin)) 
 { 
  flag = false; 
  return flag; 
 }  
 fclose(fin); 
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 return true; 
  
 
} 
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Appendix C 
 
MATLAB Code for Creating Figures: 
function createfigure(YMatrix1) 
%CREATEFIGURE(YMATRIX1) 
%  YMATRIX1:  matrix of y data 
  
%  Auto-generated by MATLAB on 14-Sep-2012 11:47:15 
  
% Create figure 
figure1 = figure('PaperType','<custom>','PaperSize',[11 8.5],... 
    'PaperOrientation','landscape'); 
  
% Create axes 
axes1 = axes('Parent',figure1,'YScale','log','YMinorTick','on',... 
    'XTickLabel',{'0','1','2','3','4','5','6','7','8','9','10'},... 
    'XTick',[0 624 1309 2020 2743 3458 4174 4893 5612 6332 7000],... 
    'FontSize',18); 
% Uncomment the following line to preserve the Y-limits of the axes 
% ylim(axes1,[1e-010 0.001]); 
hold(axes1,'all'); 
  
% Create multiple lines using matrix input to semilogy 
semilogy1 = semilogy(YMatrix1,'Parent',axes1); 
set(semilogy1(1),'DisplayName','  80zinc20'); 
set(semilogy1(2),'DisplayName','  500zinc45'); 
set(semilogy1(3),'DisplayName','  10zinc45'); 
  
% Create xlabel 
xlabel('Time (day)','FontSize',14); 
  
% Create ylabel 
ylabel('Capacitance (F)','FontSize',14); 
  
% Create light 
light('Parent',axes1,... 
    'Position',[-0.999999877551043 1.64957183073905e-008 
0.000494871598708875]); 
  
% Create legend 
legend1 = legend(axes1,'show'); 
set(legend1,'Visible','off',... 
    'Position',[0.409041543896237 0.742639357859195 0.0767857142857143 
0.0732600732600733],... 
    'FontSize',12); 
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% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.176000000000003 0.253333333333333 0.0228095238095209 
0.131851851851852],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.251952380952385 0.256296296296296 0.0228095238095209 
0.131851851851852],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.409214285714293 0.257777777777778 0.0235238095238023 
0.136296296296296],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.490642857142862 0.260740740740741 0.0228095238095209 
0.137777777777778],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.569214285714291 0.265185185185185 0.0228095238095209 
0.133333333333333],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.6487380952381 0.263703703703704 0.0228095238095209 
0.142222222222222],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.728142857142863 0.262222222222222 0.0228095238095209 
0.146666666666667],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
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    [0.807190476190483 0.260740740740741 0.0228095238095209 
0.157037037037037],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.33028571428572 0.256296296296296 0.0228095238095209 
0.137777777777778],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.743123066617952 0.466191285218129 0.0365106564364877 
0.0248016863385371],... 
    'String',{'65 C'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create doublearrow 
annotation(figure1,'doublearrow',[0.804166666666667 
0.73011904761905],... 
    [0.449574971018734 0.449212433254384],'Head2Style','vback3',... 
    'Head1Style','vback3'); 
  
% Create line 
annotation(figure1,'line',[0.807261904761908 0.807261904761908],... 
    [0.461445061653175 0.436765303345018]); 
  
% Create line 
annotation(figure1,'line',[0.728928571428573 0.728928571428573],... 
    [0.463318173435653 0.438638415127496]); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.252785714285718 0.76017224731829 0.0751904761904747 
0.0370704823877039],... 
    'String',{'Wet Cycle'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create rectangle 
annotation(figure1,'rectangle',... 
    [0.220238095238097 0.754405506506232 0.0244047619047618 
0.0443477972178879],... 
    'LineStyle',':',... 
    'FaceColor','flat'); 
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% Create doublearrow 
annotation(figure1,'doublearrow',[0.644642857142857 
0.570000000000001],... 
    [0.556247875135217 0.557534660409916],'Head2Style','vback3',... 
    'Head1Style','vback3'); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.577343015467059 0.570010882855925 0.0365106564364876 
0.0254300601102197],... 
    'String',{'55 C'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create line 
annotation(figure1,'line',[0.568809523809525 0.568809523809525],... 
    [0.571640400591184 0.546960642283027]); 
  
% Create line 
annotation(figure1,'line',[0.647142857142859 0.647142857142859],... 
    [0.569767288808707 0.54508753050055]); 
  
% Create doublearrow 
annotation(figure1,'doublearrow',[0.326785714285714 
0.253571428571429],... 
    [0.470443517230721 0.469181348717797],'Head2Style','vback3',... 
    'Head1Style','vback3'); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.269945621726952 0.480050669617329 0.0365106564364876 
0.0310058609020948],... 
    'Interpreter','none',... 
    'String',{'35 C'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create line 
annotation(figure1,'line',[0.252380952380952 0.252380952380952],... 
    [0.483287088899066 0.458607330590909]); 
  
% Create line 
annotation(figure1,'line',[0.330714285714287 0.330714285714287],... 
    [0.48141397711659 0.456734218808433]); 
  
% Create doublearrow 
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annotation(figure1,'doublearrow',[0.486904761904763 
0.413452380952383],... 
    [0.472727731113621 0.472365193349271],'Head2Style','vback3',... 
    'Head1Style','vback3'); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.425268663987335 0.489256767703081 0.0365106564364877 
0.0298082853264833],... 
    'String',{'45 C'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create line 
annotation(figure1,'line',[0.490595238095241 0.490595238095241],... 
    [0.484597821748063 0.459918063439906]); 
  
% Create line 
annotation(figure1,'line',[0.412261904761906 0.412261904761906],... 
    [0.48647093353054 0.461791175222383]); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.239542808427721 0.135860082909463 0.135457191572281 
0.0414078674948328],... 
    'String',{'Room Temperature'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create arrow 
annotation(figure1,'arrow',[0.248214285714286 0.216071428571429],... 
    [0.172461752433936 0.223922114047288]); 
  
% Create arrow 
annotation(figure1,'arrow',[0.330952380952382 0.366666666666667],... 
    [0.163948831028233 0.211404728789986]); 
  
% Create textbox 
annotation(figure1,'textbox',... 
    [0.628869626111316 0.136699792972708 0.127677992936304 
0.0414078674948328],... 
    'String',{'Room Temperature'},... 
    'FontSize',12,... 
    'FitBoxToText','off',... 
    'LineStyle','none',... 
    'EdgeColor',[1 1 1]); 
  
% Create arrow 
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annotation(figure1,'arrow',[0.720833333333334 0.820238095238096],... 
    [0.168469749663839 0.248745968912868]); 
  
% Create arrow 
annotation(figure1,'arrow',[0.673809523809524 0.674404761904762],... 
    [0.18040777025478 0.248956884561891]); 
  
% Create arrow 
annotation(figure1,'arrow',[0.619047619047619 0.54702380952381],... 
    [0.165967690167969 0.23739626159654]); 
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